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CORRECTIONS AND EMENDATIONS 


Contributors to Volume 47 have been invited to send corrections and emenda- 
tions to be made in their paper, and the volume has been scanned with some care. 
Corrections and insertions are as follows: 


Page 1013, last line, for (Pl. 7), read (PI. 8). 


1021, last line, third paragraph, add and some samples assayed more than half 
an ounce of gold per ton. 

1042, lines 4 and 5, for expression of, read expression and of. 

1113, footnote 15, for Paleontogr., read Palaeontolog. 

1151, last line, for Paleontogr., read Palaeontolog. 

1181, reverse title of Figure 1 with title of Figure 3 (p. 1185). 

1181, line 3 from bottom, for B-F, read B-E. 

1239, line 26, add the porosity of the Solenhofen limestone, as determined by 
weighing the massive rock and the powdered rock, was found to 
be 3.9%. The authors owe this determination to Dr. F. A. Gonyer. 

1254, Table 8, add Densities not corrected for thermal expansion. 

1428, line 33, for labeled erroneously, read 2 miles west of. 

1437, line 38, for by, read of. 

1438, line 27, for (p. 1432), read (p. 1433). 

1445, Plate 10 caption, for Fortification Rock, read Fortification Hill. 

1450, line 10, for (p. 1442), read (p. 1448). 

1457, line 22, for Pl. 3, read PI. 21. 

1460, Figure 7 caption, for See also . . . , read This is . 

1462, line 12, for (p. 1432), read (p. 1483). 

1462, line 18, for erroneously labeled, read 2 miles west of. 

1468, line 38, for (Pl. 3), read (Pl. 4). 

1472, Plate 19, fig. 2, caption, after limestone, insert and sandstone. Low ridges 
at right made of Kaibab limestone. 

1542, Pl. 3, fig. 1, for (slide 11), read (slide 1). 

1547, line 12, for all chert is not, read not all chert is. 

1567, line 3, read figures 6, 33, 35. 

1567, line 6 from bottom, for STYLOSPHAERIDA, read COELOSPHAE- 
RIDA. 

1568, line 15, read figures 34, 36. 

1584, line 3 from bottom, read Cenosphaera pachyderma Riist. Fig. 33: 
Hypotype. 

1585, first line, for primacous, read primacvus. 

1585, line 14 from bottom, for Normanskill, read Deepkill. 

1585, next to last line, for Figure 34.—Choenicosphaera brevispina nov. Holo- 
type, read Figures 34, 36—Choenicosphaera brevispina nov. Figure 
34: Holotype. Figure 36: Paratype. 

1586, line 6, for Coenicosphaera read Choenicosphaera. 

1591, line 7 and footnote 7, for Jardetsky, read Jardetzky. 

1610, line 9, for Fig. 1, read Fig. 2. 

1628, line 13, for Cummingia tellinoides Say, read Cumingia tellinoides Con- 
rad. 

1630, in list for Turnonilla, read Turbonilla. 

1651, Rangia cuneata Gray reported from localities 41, 46, 48, 50, 52, 56 
in North Carolina. 
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Page 1665, footnote 6, add E. O. Ulrich and G. Arthur Cooper: New genera and 


species of Ozarkian and Canadian brachiopods, Jour. Paleont., vol. 10, 
no. 7 (1936) p. 618-620. 

1667, footnotes 9 and 10, add E. O. Ulrich and G. Arthur Cooper: op. cit., 
p. 620, 621, 627, 628, 629. 

1753, line 7 from bottom, for haiiynepnosean, read haiiyne-nosean. 

1756, line 2 from bottom, for X C, read Z,C. 

1759, line 1, for C A Z, read Z,C. 

1765, add BaO...... 0.31, to analysis I. 

1771, line 17, for Santa Clara River, read Santa Clara Creek. 

1817, footnote 6, add fig. 3. 

1820, line 10, add On closer study another interpretation of the flows on 
Hillman Peak might be necessary. 

1829, footnote 23, add After this eruption of Taal comparatively little large 
débris was found near the crater. Apparently most of the material 
was blown into small fragments and carried to great distances. This 
would seem to meet one of the objections of Diller with reference to 
finding comparatively little coarse débris on the rim of Crater Lake. 

1834, line 6 from bottom, and footnote 8, for Lowl, read Léwl. 

1839, lines 1 and 2, delete Farther . . . southwest. 
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INTRODUCTION 


The events and processes accompanying changes in the position of the 
southern margin of the North American continent during Jurassic and 
early Lower Cretaceous time comprise important chapters in paleogeo- 
graphic history. The shoreline during this interval extended across 
northern Mexico, from southern Coahuila to California, as shown by the 
similarity of faunas in these areas. Throughout Mesozoic time the sea 
advanced slowly northward, its progress being modified by orogeny and 
vuleanism. Evidence suggests that the region immediately to the south 
formed a negative block throughout Mesozoic, and possibly late Paleo- 
zoic, time, which permitted the sea periodically to cross central Mexico 
and separate two positive blocks. The solution of the problems pre- 
sented by the ancient continental border has a direct bearing on the inter- 
pretation of the relations between the North American continental block, 
the Central American region, and the South American continental block. 
It relates the Mesozoic seaway across northern Mexico to the Mediter- 
ranean Tethys of Europe and the Pacific invasion of California. That 
this sea occupied a true geosyncline is indicated by its persistence through- 
out a long period of the earth’s history, by the accumulation of many 
thousands of feet of sediments, and by the nature of the subsequent crustal 
deformation. 

Published observations on the mountain structure of northern Mexico 
are rare, and theories of the structural development of North America 
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have been projected south of the United States on the basis of generaliza- 
tions made, for the most part, from reconnaissance observations. Those 
who have studied the faunas of northern Mexico have seldom mapped 
the structure and distribution of formations, and those who were chiefly 
interested in the mountain structure rarely were familiar with the strati- 
graphic section and the sequence of faunas. 

A pronounced zone of folding, transverse to the generally northward- 
trending Cordillera, has long been known in the vicinity of Monterrey, 
Nuevo Leon, and Saltillo, Coahuila, and more recently it has been found 
to lie within the geosyncline south of the persistent margin of the North 
American continent of Jurassic and Neocomian? time (Fig. 1). This 
zone furnishes excellent exposures of the stratigraphic section and of the 
regional structure and presents an excellent opportunity to study the 
cause and mechanics of cross-folding. The persistence and intensity of 
the cross-folding, the association with it of intrusive and extrusive igneous 
rocks, and the character of the stratigraphic sequence point to evident 
genetic relations of several types of geologic phenomena. 


PURPOSE OF THIS REPORT 


Since 1930, geologists from several American universities have been 
cooperating in the investigation of the structure, stratigraphy, and igneous 
activity in this zone of cross-folding and along the old continental mar- 
gin to the north. The five related papers in this issue of the Bulletin 
are part of the results of these cooperative studies; the purpose of this, 
the first in the series, is to summarize the studies and to show their con- 
tributions to the larger picture of continental structure and paleogeog- 
raphy ; the four succeeding papers describe the geology of areas in southern 
Coahuila and eastern Durango from which the regional conclusions are, 
in part, drawn. 

Although these studies have no direct economic application, they are 
of interest to both petroleum and mining geologists, because of their 
regional scope and their bearing on the nature and reflection in over- 
lying strata of a continental margin, and their possible contribution to 
knowledge of the factors which control ore deposition. In geologic ex- 
ploration for petrolerm, the present trend is toward search for buried 
shorelines. In southern Coahuila, erosion has exposed an old shoreline. 
This can be examined on the surface over a broad area, and its relation 
to the structure of enclosing rocks can be seen. Its projection to the 


1Carlos Burckhardt: Géologie de la Sierra de Concepcidén del Oro, X® Cong. Géol. Intern., Guide 
des Excursions, num. XXVI, Mexico (1906) p. 2. 
2Emil Bose: Vestiges of an ancient continent in northeast Mezico, Am. Jour. Sci., 5th ser., 
vol. 6 (1923) p. 133. 
R. E. King: Permian of southwestern Coahuila, Mexico, Am. Jour. Sci., 5th ser., vol. 27 (1934) 
p. 111-112. 
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northeast, beneath overlying strata, may well lead to disclosure of a 
reservoir in areas where source beds of petroleum interfinger with, or 
overlie, the shore facies. In ore prospecting, knowledge of horizons in 
which ore deposition commonly occurs may be of prime importance. 
If mineralization has been found to be limited to one or two horizons 
in the stratigraphic column, accurate areal mapping will narrow the belt 


to be intensely prospected. 
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TERMINOLOGY 


European age terms are in common use in Mexican stratigraphic 
nomenclature, because most of the studies on sedimentary rocks have 
been done by geologists trained in Europe. Formation names, as applied 
by American geologists in parts of Texas, California, and Mexico, to sedi- 
ments deposited during each age of the Upper Jurassic and Cretaceous, 
according to the European time scale, are given on Plate 3. The writers 
have in some cases followed the practice of using European terms, such 
as “Aptian-Albian” and “Cenomanian-Turonian,” to indicate sediments 
deposited during those ages of the time scale. Formation names already 
in use in northern Mexico, such as “Las Vegas” and “Cuchillo,” were 
applied in new areas, where the rocks indicated approximately the same 
age and facies of deposition as in the type area. Where new facies of 
deposition, bearing distinct faunas, appear in the stratigraphic section 
and can be traced over a considerable area, they have been designated 
by new formation names. Such a facies indicates a more or less uniform 
environment over the area of its extent and is a chapter in the geologic 
development of that area. 


COAHUILA PENINSULA OF THE PRE-APTIAN CONTINENT 
GENERAL STATEMENT 


Evidence of the existence of a foreland block in northern Mexico during 
pre-Aptian (Mesozoic) time is to be found in the exposures of its old 
surface in the deep canyons and along the pediments of the rugged moun- 
tain ranges of Coahuila; in the pronounced angular unconformity at the 
base of the Aptian (Fig. 2) in that region, and in the absence of such 
an unconformity to the south and west; in the thousands of feet of marine 
Neocomian and Jurassic strata present in southern Coahuila, eastern 
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Durango, and eastern Chihuahua, and their complete absence beneath the 
Aptian in central and western Coahuila as far south as Las Delicias | 
(Pl. 1); in the overlap relation of the Neocomian sediments from south 
to north; in the gypsiferous facies of the Lower Cretaceous Aptian-Albian 
series in western and central Coahuila; and in the contrast between the 
relatively simple folding of the Lower Cretaceous limestone in areas 
where the surface of the foreland is exposed and the belt of complex fold- 
ing which lies farther to the west and south, in eastern Durango and 
southern Coahuila (Fig. 1). 

The mountains separating the valleys of Acatita (Pl. 1) and Las 
Delicias in southwestern Coahuila are in the area where the pre-Aptian 
foreland is definitely recognized (Pl. 1). Also in the Sierra de Tlahualilo 
on the western side of the Acatita Valley and in the Potrero de la Mula 
(Pl. 1) in central Coahuila, northwest of Ocampo (PI. 1), the surface 
of the ancient continent is exposed. In northern Coahuila in the Sierra 
del Carmen (PI. 1) the ancient land surface crops out at the base of 
marine Aptian limestones. 

The published descriptions of the pre-Aptian rocks at these localities 
give an incomplete picture of the structure and composition of the south- 
ern portion of the pre-Aptian continent. 


LAS DELICIAS 


Along the western side of Las Delicias Valley are limestones and shales, 
with a marine Permian fauna, interbedded with lavas and graywacke. 
King * regards these rocks as representing nearly the whole of the Permian 
system, deposited in a southward continuation of the Texas Permian 
basin. They are intruded by granite, which, on structural evidence, is 
referred by King‘ to post-Permian and by Bose to pre-Permian or early 
Permian time. A broad syncline trends N 12-20° E, and the dips on 
the limbs average about 45 degrees. Just east of the syncline, and pos- 
sibly at the center of the next major anticline, is the granite intrusion 
west of Las Delicias.® 

EAST SIDE OF ACATITA VALLEY 


Kelly has mapped and described three areas of Paleozoic rocks along 
the eastern side of the Acatita Valley, at the base of the Sierra de Acatita 
and the Sierra Santa Ana, 2 to 14 miles west and northwest of the marine 
Permian area of Las Delicias Valley. Their proximity to the area of 
known Permian rocks, and their similarity in lithology to units in Las 
Delicias section, suggest Permian age, although the only fossils found were 


8R. E. King: op. cit., p. 106. 
4 Op. cit., p. 108-109. 

5 Op. cit., p. 109-111. 

© Op. cit., p. 110. 
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Ficure 1—Neocomian Lower Cretaceous paleogeography of Coahuila and parts of 
adjoining states in northern Mexico 


Unshaded area in western Coahuila, eastern Durango, and Chihuahua is the massif of the Coahuila 
Peninsula (foreland block). Dotted area on the east side of the peninsula is a region where 
arkose is abundant in the Neocomian sections. Lined areas represent Neocomian seas, where the 
deposits contain little or no arkose. Along the east and northeast edge of the map the absence 
of shading indicates a lack of definite information regarding the Neocomian section. Upper Jurassic 
paleogeography of this area was almost identical with that of the Neocomian, except that the 
Coahuila Peninsula was somewhat larger and extended south of Torreén. 
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in blocks and boulders of limestone included in conglomerates. The 
corals, crinoids, and bryozoa in these reworked limestones are not diagnos- 
tic, but King’ included similar fossiliferous limestones at the base of 
Las Delicias sections in the Permian. The lavas, so prominent in the 
latter sections, are absent on the western side of the range that separates 
the Acatita and Las Delicias valleys. 

Near Las Uvas (Pl. 1), in the area farthest to the northwest of the 
region mapped by Kelly, the rocks comprising the old landmass are brown, 
weathered shale, interbedded thin ledges of quartzitic sandstone, and 
coarse conglomerate having a shale matrix. The conglomerate contains 
large blocks of black limestone with crinoid stems and bryozoa, boulders 
of red granite, pegmatite, porphyry, and gneiss. Southeast of Las Uvas, 
a large granodiorite mass extends 614 miles to the vicinity of the Nueva 
Espafia mine. Kelly * found the granodiorite to be definitely younger 
than the sedimentary rocks correlated with the Permian, and clearly older 
than the Cretaceous limestones, which are separated from it by reddish, 
weathered, gritty material, which conceals the actual contact between 
the limestone and the granodiorite, and which Kelly interpreted as a 
mantle of residual soil. 

Southeast of this intrusive mass, basement sedimentary rocks crop out 
between Nueva Espajia mine and Cafién Grande. They consist of dark- 
gray phyllites; sericitic, fine-grained siltstones; quartzites with recrystal- 
lized sericitic ground-mass; red, weathered, quartzitic sandstone inter- 
bedded with massive, dense argillites, slates, shales, sandstones, and con- 
glomerates with crinoid columnals. These beds are more metamorphosed 
than the Permian of Las Delicias or Las Uvas areas. They are steeply 
folded and lie with strong angular unconformity beneath the Lower 
Cretaceous limestones. At one point along this contact, Kellum observed 
a bed of contorted black shale, varying in thickness up to six feet. It 
rested unconformably on almost-vertical beds of black shale interbedded 
with quartzite and was interpreted as material reworked from the under- 
lying formation. It contained Cretaceous fossils and, therefore, was re- 
garded as the basal deposit of the transgressing Aptian sea. 

About five miles south of Cafién Grande the basement rocks are ex- 
posed in a small isolated area along Cafién de Parritas (Pl. 1). They 
consist of gray and green shales and hard, quartzitic sandstone. In still 
another outlying locality, about 414 miles farther south along Cafién San 
Antonio (Pl. 1), on the western side of the Sierra Santa Ana (PI. 1), 


7 Op. cit., p. 105. 
8W. A. Kelly: Geology of the mountains bordering the valleys of Acatita and Las Delicias, 
Geol. Soc. Am., Bull., vol. 47 (1936) p. 1019. 
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Kelly ° reports steeply folded argillites and quartzitic sandstones overlain 
by gently dipping Cretaceous limestones. 

The dominant structure of the Paleozoic rocks exposed in this long, 
narrow belt along the eastern side of the Acatita Valley was interpreted 
by Kelly *° as an eastward-trending anticlinal uplift. He believed the 
intrusive granodiorite exposed north of the Nueva Espajia mine coincided 
with the axis of uplift. On the south side of this igneous mass the beds 
have an average strike of N 35° E and dip 60 degrees to the southeast; 
on the northwest side, in Las Uvas area, the average strike is N 50° E. 
However, there is great irregularity in both dip and strike. The strike 
of secondary cleavage is more uniform and has an average trend about 
N 75° E. 

If the axis of this uplift is taken as N 70° E, its southwestward pro- 
jection, across the Acatita Valley, crosses the highest part of the Sierra 
de Tlahualilo, where the amount of uplift in that range has been the 
greatest. 

SIERRA DE TLAHUALILO 

The geology of the Sierra de Tlahualilo has been mapped and studied 
by W. I. Robinson,’ who reports exposures of the basement rocks in 
the deep canyons on both the eastern and the western sides of the range. 
These basement rocks consist of highly folded slates, shales, and quart- 
zites which show little uniformity of strike or dip. Their lithology is 
similar to that of some of the Paleozoic rocks on the eastern side of the 
Acatita Valley, but no fossils were found. As in Las Uvas and the 
Nueva Espajia mine areas, there are no interbedded lavas. 


LA MULA VALLEY 


There is only one known locality in the central part of Coahuila, where 
the surface of the old pre-Cretaceous land mass is exposed. This is sur- 
prising in view of the present theory that it underlies most of the western 
and northern part of that State. Kane found and mapped pre-Cretaceous 
basement rocks in the Potrero de la Mula, about ten miles northwest of 
the village of Ocampo and subsequently this important locality was 
revisited, in the summer of 1933, by Kane and Kellum. The potrero is 
an oval valley, about two miles wide and several miles long, surrounded 
by steep, limestone bluffs. The beds in the bordering mountains dip 
away from the central lowland in all directions; thus, the Potrero de la 
Mula has been formed by erosion along the center of a broad uplift of 
Cretaceous limestone. The valley floor rises slightly and uniformly 
from the center outward. It is covered with alluvium over almost its 


Op. cit., p. 1018. 
10 Op. cit., p. 1030. 
1 W. I. Robinson: personal communication. 
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entire area, but near the center on the western side a small group of low 
granite hills have a relief of about 200 feet. On the eastern side of the 
valley, toward its northern end, in another smaller group of hills capped 
with limestone, the granite crops out inconspicuously along the base. 
Here, the contact between the granite and the overlying limestone is 
clearly depositional, for the basal bed of the limestone contains scattered 
crystals of feldspar and hornblende from the granite, and there is no 
evidence of contact metamorphism. 

The exposures on the western side of the valley are better. The coarse- 
grained granite is light-gray or locally pinkish or nearly white, and is 
cut by dikes of fine-grained hornblendite and dark-green porphyry, and 
by thick veins of quartz, which were nowhere observed to cut the lime- 
stone. These rocks have not been studied in thin sections; hence, the 
petrographic designations used here are tentative. The structure is a 
broad, gentle uplift in which the sharp contact between the granite and 
the limestone shows evidence that the granite was being reworked in 
the basal bed of the limestone formation. On this evidence, the igneous 
rocks at this locality are regarded as part of the old landmass, which was 
peneplaned during early Mesozoic time, and across which the sea first 
advanced in the middle of Lower Cretaceous time. 


SIERRA DEL CARMEN 


In northern Coahuila the ancient foreland is exposed in the Sierra del 
Carmen, just south of Boquillas. There, Baker’? has reported mica 
schists of pre-Cambrian age, overlain unconformably by Aptian sediments. 


SUMMARY FOR WESTERN COAHUILA 


A summary of present knowledge of the rocks that comprise the pre- 
Aptian foreland of western Coahuila, suggests that: (1) in the south this 
landmass was formed by marine Permian sediments and lavas, by Per- 
mian or post-Permian intrusive granites and granodiorites, and by a series 
of phyllites, quartzites, slates, shales, and conglomerates of Paleozoic 
age, probably in part Permian; (2) in central Coahuila it is composed 
of granitic rocks and associated dikes and quartz veins; and (3) in north- 
ern Coahuila it is composed of pre-Cambrian mica schist. The Permian 
sediments of southern Coahuila are believed by Bose, King, and Kelly 
to have been deposited in the same geosyncline as those of western Texas. 
The mica schists of Sierra del Carmen, and possibly the granitic rocks 
of Potrero de la Mula, were part of the land area that existed adjacent 
to this earlier geosyncline. 


12Emil Bése: Vestiges of an ancient continent in northeast Mezico, Am. Jour. Sci., 5th. ser., 
vol. 6 (1923) p. 133. 
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MARINE BELT MARGINAL TO THE PENINSULA 


EAST OF THE PENINSULA 


Throughout most of western Coahuila, and northern Mexico where the 
pre-Aptian continent is believed to have existed, erosion has not yet cut 
through the Lower Cretaceous limestones to expose horizons older than 
Aptian. To the east, west, and south of this area, however, many locali- 
ties are known where the Aptian and younger rocks have been eroded 
away, exposing Neocomian and Jurassic formations beneath. 

In the Potrero de Oballos (P]. 1) in east-central Coahuila, Miillerried '* 
found Neocomian calcareous marls exposed beneath the Aptian. In the 
Sierra Azul (Pl. 1), farther southeast, he found, below the main mountain- 
forming limestone, fossiliferous calcareous marl and shale bearing a 
Valanginian fauna, black limestone interbedded with shale bearing a 
Berriasian fauna, and yellowish marls with intercalations of limestone 
referred to the Upper Jurassic (Fig. 2). The contact between the Jurassic 
and the Lower Cretaceous (Berriasian) beds was concealed. In the Potrero 
de Menchaca (PI. 1), in central Coahuila, northeast of Cuatro Ciénegas 
(Pl. 1), Kane measured several thousand feet of interbedded marl, lime- 
stone, sandstone, and shale, which the writers place entirely in the Neo- 
comian. 

At El Barril (Pl. 1) in the Sierra de Purisima,’* about 25 miles south- 
east of Cuatro Ciénegas, nearly 2000 feet of arkose is exposed beneath 
the Gargasian horizon. Some beds of shale and limestone are intercalated, 
and near the base there is a bivalve fauna of Neocomian age. In the 
Potrero de Patula and in the Valle de Muralla (Pl. 1) of the Sierra de 
Patula, 55 to 60 miles southeast of Cuatro Ciénegas, Hares and Kellum *5 
measured thick sections of Neocomian arkose below the Gargasian. In 
the Cafién de San Marcos (PI. 1), 20 to 30 miles south of Cuatro Ciénegas, 
and west of the localities mentioned in the Sierra de la Purisima (PI. 1) 
and Sierra de Patula, the Neocomian and the upper Jurassic are repre- 
sented by a thick series of arkose, locally alternating with thin members 
of limestone and shale. Burckhardt has determined ammonites of middle 
and upper Kimmeridgian (Upper Jurassic) age from the lower part of 
the San Marcos section. These clastic deposits, containing feldspars, 
must have been deposited close to the margin of the continent, for 
locally they contain angular and subangular blocks, several feet in 


13F, K. G. Miillerried: Informe preliminar acerca de la geologia y zonas petroliferas de wna parte 
de la regién carbonifera de Coahuila y Nuevo Leén, Instit. Geol. Méx., Folleto de Divulgacién, 
nim. 26 (1927). 

Carlos Burckhardt: Géologie de la Sierra de Mazapil et Santa Rosa, X® Cong. Géol. Intern., 

Guide des Excursions, nim. XXVI, Mexico (1906) p. 143. 

% Carlos Burckhardt: Etude synthétique sur le Mésozoique mericain, Soc. Paléont. Suisse, Mém., 
vol. XL (1930) p. 145-147, 

15 Op. cit., p. 146. 
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diameter. As pointed out by Burckhardt,'* the thickness of these de- 
posits diminishes notably from south to north. This implies that the 
source of the debris lay to the south and is contributory evidence of an 
eastward extension of the pre-Aptian landmass in southern Coahuila to 
the present site of Sierra de los Alamitos and Sierra de la Paila (Pl. 1). 
The distribution of the thick sections of arkose to the northeast of these 
so-called brachyanticlines and to the southeast of the Neocomian shore- 
line projected through Cuatro Ciénegas suggests that this coarse debris 
accumulated in a gulf or re-entrant on the eastern side of a landmass 
(Fig. 1). It further indicates that much of the adjacent land was com- 
posed of granite and related rocks. Some of the material was also fur- 
nished by old sediments, for a suite of boulders collected by the writers 
from a coarse conglomerate of the Jurassic-Neocomian series in the San 
Marcos Valley is almost identical with the suite collected from the 
igneous, metamorphic, and sedimentary rocks of Paleozoic age (?) which 
crop out along the eastern side of the Acatita Valley. 


SOUTH OF THE PENINSULA 


In the high ranges of the Sierra Madre Oriental, southwest of Monterrey 
and east of Saltillo (Pl. 1), Bose '* reports the presence of marine Lower 
Cretaceous (Neocomian), consisting of interbedded limestone and shale 
(Valanginian), and of Upper Jurassic, represented by a near-shore facies; 
the Portlandian consists of clastics; the Kimmeridgian, of ammonite- 
bearing shales, locally gypsiferous; and the Oxfordian, of Nerinea-bearing 
limestone. 

In the Sierra de Parras, south of General Cepeda, Coahuila (PI. 1), 
Bose '* found the Neocomian and Upper Jurassic lithology essentially 
similar to that in the Sierra Madre Oriental, to the east, except that the 
Portlandian is here represented by shales (poorly exposed) instead of 
sandstones and conglomerates. To the south and west of the city of 
Parras (Pl. 1), in the same range, Imlay ’® found a Neocomian and 
Upper Jurassic section of sandstones and shales, with some limestones 
in the middle part. 

In the Sierra de Jimulco (Pl. 1), the westward structural continuation 
of the Sierra de Parras, in southwest Coahuila, Kellum observed Upper 
Jurassic and Neocomian sediments composed of alternating sandstones, 
limestones, and shales; gypsum is present in beds referred to the Port- 
landian. To the northwest, in the valley of Rio Nazas, near Villa Juarez 


16 Op. cit., p. 145. 

17 Emil Bose: op. cit., p. 199-211. 

18 Op. cit., p. 330-331. 

19R. W. Imlay: Geology of the western part of the Sierra de Parras, Geol. Soc. Am., Bull., vol. 47 
(1936) pl. 3. 
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(Pl. 1), marine Upper Jurassic is missing, and several thousand feet of 
Neocomian sandstones and shales rest disconformably on red lavas.?° 
About 20 miles south of the Sierra de Jimulco, in the Sierra de Ramirez, 
Zacatecas (Pl. 1), the Neocomian has a limestone facies, and the Port- 
landian a shale and marl facies with subordinate limestone. 

Thus, it is seen that the deposits laid down in the border region of 
Coahuila, Durango, and Zacatecas during late Jurassic and early Creta- 
ceous time become more clastic from south to north; the Neocomian in- 
creases rapidly in thickness; and the marine Jurassic is cut out entirely 
in the north. 

WEST OF THE PENINSULA 

Fifty miles west of Torreon (Pl. 1), in the neighborhood of San Pedro 
del Gallo, Durango (Pl. 1), the marine facies of the Neocomian and the 
Upper Jurassic are present. The former consists of shales, marls, and 
limestones bearing typical ammonite faunas; the latter is largely shale | 
with subordinate limestone, except at the base, where the lower Oxfordian | 
comprises quartz sandstone and Nerinea-bearing limestone. Twenty-five 
miles northeast of San Pedro del Gallo, in the Sierra del Rosario and in 
the Sierra de Mapimi (Pl. 1), northwest of Torreén, the Neocomian is 
represented by a neritic facies with coarse sandstones and conglomerates 
bearing large faunas of bivalves. These sections also indicate an increase 
of clastic material in the direction of the pre-Aptian landmass. | 

Northward for a long distance there is an area in which the pre-Aptian | 
section is almost unknown. In the Conchos Valley of eastern Chihuahua 
a marine facies of the Upper Jurassic is well developed. Here, also, is a 
near-shore facies of the Neocomian,”* the locally unfossiliferous Las 
Vigas formation, consisting of sandstones, shales, and gypsum. In the 
Malone Mountains of Texas (Pl. 1), 140 miles north of Conchos Valley, 
neritic Kimmeridgian is overlain by marine limestones, in the higher | 
Jurassic, and by sediments of alternating neritic and bathyal facies, in | 
the Neocomian. In the Van Horn quadrangle, Texas (Pl. 1), east of 
a line connecting the Conchos Valley and the Malone localities, the 
Jurassic and Neocomian are missing, and Comanchean strata lie directly 
on Permian rocks. 

This brief review of the pre-Aptian sections around the margins of the 
area where the landmass is known to have existed suggests fluctuation of 
the shoreline throughout Upper Jurassic and early Cretaceous time, with 
a general transgression of the sea upon the foreland. 


2L. B. Kellum: Geology of the mountains west of the Laguna district, Geol. Soc. Am., Bull., 
vol. 47 (1936) p. 1059. 
21 Carlos Burckhardt: op. cit., p. 83, 147. 
Emil Bose: op. cit., p. 134-135. 
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FAUNAL EVIDENCE OF MARINE CONNECTION ACROSS 
NORTHERN MEXICO 


Faunal evidence indicating marine connection between north central 
Mexico and California during Jurassic, and possibly during a part of 
Neocomian, time is accumulating. In 1895, Castillo and Aguilera 7? re- 
ported several species of the genus Aucella in the Upper Jurassic of 
Catorce, San Luis Potosi, and identified them with Russian species, but 
their figures, published without description, are scarcely generically 
recognizable. The same year, Stanton ** described the fauna of the 
Knoxville beds of California and compared it with the Catorce fauna. 


He says: 


“On comparing this Mexican fauna with that of the Knoxville beds the principal 
points of resemblance are found in the Aucellae and a few of the Ammonites. The 
forms of Aucella, so far as can be determined from the somewhat unsatisfactory 
photographic figures, can all be duplicated in the Knoxville. Several of the species 
of Hoplites are of the same type as Hoplites storrsi, and one of them, described 
as a variety of H. calisto, is possibly identical with it. One of the figures of 
Olcostephanus potosinus has sculpture very much like that of O. mutabilis, and 
Placenticeras fallax, although referred to a different genus, seems to be related to 
Phylloceras knozvillensis. All of these, excepting a part of the Hoplites, are from 
the upper division of No. 2 of the section. It is reasonable, therefore, to conclude 
that this portion of the Catorce section is of the same age as part of the Knoxville. 
The lower fauna, characterized by a large number of species of Perisphinctes, is 
very probably older than the Knoxville and perhaps should be compared with the 
fauna of the Mariposa beds, though there is a noteworthy absence of species of 
Cardioceras and several other genera of Ammonites that are characteristic of the 
Mariposa.” 


Fifteen years later, Stanton ** again commented on the significance of a 
thin Aucella bed in the midst of strata containing the Mediterranean type 
of fauna in the upper Kimmeridgian of Catorce, and concluded that 
Pacific waters must have found temporary access to north-central Mexico. 

In 1933, Anderson,?> in a revision of the Knoxville-Shasta succession 
in California, stated that the Aucella species in the Knoxville series range 
from Middle Portlandian to upper Aquilonian and that the Knoxville 
fauna agrees “more nearly with that portion of the Catorce section lying 
below the Neocomian.” 


22 Antonio del Castillo and José G. Aguilera: Fauna fédsil de la Sierra de Catorce, San Luis 
Potosi, Com. Geol. México, Bol., nam. 1 (1895) p. 4. 

23T. W. Stanton: Contributions to the Cretaceous paleontology of the Pacific Coast: The fauna 
of the Knozville beds, U. S. Geol. Surv., Bull. 133 (1895) p. 27. 

*T. W. Stanton: Succession and distribution of later Mesozoic invertebrate faunas in North 
America, Jour. Geol., vol. 17 (1909) p. 413. 

°F, M. Anderson: Knorville-Shasta succession in California, Geol. Soc. Am., Bull., vol. 44 


(1933) p. 1253. 
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In 1906, Burckhardt ** recorded the genus Aucella in the Upper Port- 
landian deposits of San Pedro del Gallo, Durango, stating that it indicated 
a Russian, and boreal, element. 

Crickmay ”? in 1932 identified a small Upper Jurassic fauna from the 
Franciscan series of California, which was related to a Mexican fauna 
from the Sierra Ramirez. He says: 


“Protothurmannia rezanoffiana belongs to a fauna which has been reported from 
the Sierra Ramirez and elsewhere in Mexico. In that country, it includes unde- 
scribed species of Berriasella, Substeueroceras, ‘Crioceras, etc., apparently identical 
with forms at Nipomo.” 


In 1931, Kellum found an Upper Jurassic ammonite fauna in the Sierra 
de Jimulco, Coahuila, which contained forms identified as Hoplites hyatti 
Stanton and H. angulatus Stanton of the Knoxville series in California. 
These were associated with Berriasella tenuicostata Burckhardt, Stewero- 
ceras lamellicostatum Burckhardt, and several species of Proniceras and 
Durangites, known from the Upper Portlandian of Mexico. 

From stratigraphic studies in northern Mexico, and the faunal rela- 
tionships with the Upper Jurassic of the Pacific coast, Burckhardt con- 
cluded that in Upper Jurassic time a narrow arm of the sea connected 
the two oceans and separated two continents. He says: 


“The faunistic relations of the Kimmeridgian and Portlandian with Central 
Europe and the Mediterranean region on the one hand and with the Russo-boreal 
region on the other demand a communication between the Tethys and the sea of 
western America.” * 


The Neocomian faunas of the Pacific coast, as well as those from 
central Mexico, have until recently received only sporadic study, and 
relatively few of the fossils already collected have been described and 
figured. The most recent publication on the Neocomian stratigraphy of 
the Pacific coast is the paper by F. M. Anderson.”® He does not recognize 
a@ marine connection between California and eastern Mexico during this 
period, but he records in California such ammonite genera as Bochianites, 
Neocomites, Simbirskites, Lytoceras, Astieria, Steueroceras, and Polypty- 
chites, which are well known in the Neocomian of north-central Mexico. 
One species, which he refers to Astieria cf. astiert d’Orbigny, is character- 
istic of the mid-Valanginian. Bdése *° has described a species having this 


26 Carlos Burckhardt: Faunes jurassig et crétaciq de San Pedro del Gallo, Instit. Geol. 
México, Bol., nim. 29 (1912) p. 222. 

27C. H. Crickmay: A new Jurassic ammonite from the Coast Ranges of California, Am. Mid. 
Nat., vol. 13, no. 1 (1932) p. 1-11. 

28 Carlos Burckhardt: Etude synthétique sur le Mésozoique mezicain, Soc. Paléont. Suisse, Mém., 
vol. XL (1930) p. 103-104 (translation). 

22 F. M. Anderson: op. cit., p. 1264. 

30 Emil Bése: Algunas faunas cretaci de Zacat , Durango y Guerrero, Instit. Geol. México, 
Bol., nim. 42 (1923) p. 69-71. 
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affinity from the Valanginian of the Sierra de Symén on the Durango- 
Zacatecas line and several other species belonging to the genus Astieria at 
the same horizon elsewhere in northern Mexico. Imlay * found the 
Astieria beds well developed in the Sierra de Parras of southern Coahuila. 
There would, thus, seem to be at least a good probability that there was 
marine connection across northern Mexico during certain stages of Neo- 
comian time. The publication of faunas already known in California 
and in Mexico should demonstrate the presence of an open seaway during 
the early Cretaceous. 


LAGOONAL FACIES OF LOWER CRETACEOUS (APTIAN-ALBIAN) 
DEPOSITS 


GENERAL STATEMENT 


Throughout a large area in southern and central Coahuila, Lower 
Cretaceous (Aptian-Albian) deposition is characterized by a gypsum 
facies (Fig. 2). Beds of this material, according to Kelly *? vary from 
a few inches to ten feet in thickness and alternate with limestone, dolo- 
mite, nodules and lenses of chert, and subordinate clastic material. 
Though more conspicuous, the gypsum is usually less abundant than the 
other sediments. This facies is included in the Cuchillo formation, which, 
in the mountains bordering the valleys of Acatita and Las Delicias, has a 
thickness of about 1500 feet.** 

The distribution of this facies has now been closely delimited on the 
east, west, and south and is outlined below. Observations in the north— 
i.e., in central and northern Coahuila—are as yet too meager to permit 
defining the northern extent of the post-Neocomian Lower Cretaceous 
gypsum deposition. 

SOUTHERN LIMIT 

On the south, this facies extends to the Sierra San Lorenzo, Coahuila, 
which lies between Torreén and San Pedro de las Colonias (PI. 1), where 
Bose ** has recorded beds of white gypsum alternating with limestone and 
marls in the lower part of the “Middle” Cretaceous. He uses this occur- 
rence as evidence that the ancient landmass extended south of this locality. 

Jones *° found similar deposits in the Sierra de la Pefia (PI. 1), just east 
of the Sierra San Lorenzo. Here, the gypsum-bearing beds begin about 
435 feet below the top of the Lower Cretaceous limestone series. This 


31R. W. Imlay: op. cit., p. 1111-1114. 

32.W. A. Kelly: Geology of the mountains bordering the valleys of Acatita and Las Delicias, 
Geol. Soc. Am., Bull., vol. 47 (1936) p. 1026. 

838 Op. cit., p. 1024. 

%4 Emil Bése: Vestiges of an ancient continent in northeast Mexico, Am. Jour. Sci., 5th ser., 
vol. 6 (1923) p. 134. 

% T. S. Jones: Geology of Sierra de la Pea and paleontology of the Indidura Formation, Coahuila. 
Mexico, Geol. Soc. Am., Spec. Pap. (in press). 
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suggests that the gypsum facies is somewhat younger in the south than it 
is to the north in the Sierra del Sobaco (Pl. 1). A relationship somewhat 
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analogous to this was observed by Burckhardt ** in the Portlandian sedi- 
ments of northern Zacatecas, and by Imlay ** for the Upper Aptian hori- 


%@ Carlos Burckhardt: op. cit., p. 55. 
87R. W. Imlay: Geology of the western part of the Sierra de Parras, Coahuila, Mezico, Geol. 
Soc. Am., Bull., vol. 47 (1936) pl. 3. 
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zon in southern Coahuila. Burckhardt points out that the phosphoritic 
limestone facies decreases in thickness, between the Sierra Zuloloaga, in 
the north, and the Sierra de Santa Rosa (PI. 1), in the south, and that the 
lithologic unit begins and ends at an earlier stage of the Portlandian in 
the north than in the south. In the western part of the Sierra de Parras, 
Imlay found the Upper Aptian zone of Dufrenoya texana about 625 feet 
below the top of the Lower Cretaceous limestone, whereas in the Sierra 
del Sobaco, to the north, it is at least 2000 feet below the top. 

Twenty miles south of the Sierra San Lorenzo and the Sierra de la 
Pefia, in the Sierra de Jimulco, Kellum ** found that the gypsum facies 
had disappeared and that the “Middle” Cretaceous is there represented 
by limestones and shales. Also, in the Sierra de Parras, the next range to 
the east, there is no gypsum series in the Lower Cretaceous.*® The south- 
ern margin, therefore, lies to the north of the Sierra de Jimulco, to the 
south of the Sierra de la Pejia, and to the west of the Sierra de Parras. 
On Figure 2 it is drawn eastward across the Laguna de Viesca and north- 
eastward through the Puerto La Pefia (PI. 1). 


WESTERN EXTENT 


On the west line of southern Coahuila, the gypsum facies of the Cuchillo 
formation is well developed in the Sierra de Tlahualilo.*° 

Paredes *? records pure gypsum associated with sulphur and limestone 
of “Middle” Cretaceous age in the central part of the Sierra de la Cam- 
pana (Pl. 1), the next range west. The same author * has briefly out- 
lined the geologic conditions observed in the Sierra de Bermejillo, 15 to 
20 miles farther southwest, and does not mention gypsum. Also, in the 
Sierra de Mapimi, the next range to the south, the Lower Cretaceous has 
no gypsum facies.** Therefore, the western margin lies between the 
Sierra de la Campana and the Sierra de Bermejillo. 


EASTERN EXTENT 


To the east, the gypsum facies extends as far as the Valle de San Marcos, 
Coahuila (Pl.1). In the eastern escarpment of the Sierra de los Alamitos, 
the gypsum forms conspicuous white cliffs overlooking the valley. How- 
ever, the western escarpment of the Sierra de San Marcos (PI. 1) exposes 
a section of the Lower Cretaceous in which there is no gypsum. Gypsum 
cliffs were noted in the Sierra de la Fragua (Pl. 1), at the northwestern end 
of the San Marcos Valley. East of the Sierra de San Marcos, where the 


3. B. Kellum: Reconnaissance studies in the Sierra de Jimulco, Mezico, Geol. Soc. Am., Bull., 
vol. 43 (1932) p. 549. 

89 R. W. Imlay: op. cit., pl. 3. 

# W. I. Robinson: Geology of the Sierra de Tlahualilo, Durango, Mezico (in manuscript). 

“! Trinidad Paredes: Apuntes para la geologia de la regién lagunera del Tlahualilo, Soc. Gecl. Mex., 
Bol., tomo IV (1908) p. 41. 
#2 Op. cit., p. 39. 
#L. B. Kellum: op. cit. 
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Lower Cretaceous sections have been studied in the valleys of El Barril, 
Potrero de la Patula, and La Muralla, no gypsum is present. The eastern 
margin of the facies, therefore, passes northward across the San Marcos 
Valley and the Cafién de San Marcos, east of the Sierra de la Fragua, 
toward Cuatro Ciénegas in central Coahuila. Kane observed the gypsum 
facies north and northeast of this latter point, in the Potrero de la Mula, 
the Potrero de la Virgen (Pl. 1), and the Potrero de Menchaca. 


NORTHEASTERN CHIHUAHUA 


Burrows “* has described the Cuchillo formation in the Lower Cretaceous 
of northeastern Chihuahua. The lower 1500 feet is almost pure gypsum; 
the upper 500 feet consists of alternate beds of gypsum and limestone, 
passing into pure limestone at the top. Burckhardt and Bése ** have 
determined the age of this formation as Upper Aptian. In the Sierra del 
Sobaco, Kelly ** found Upper Aptian fossils in the basal limestone, below 
a thick section of gypsum-bearing beds, and has retained the name 
“Cuchillo formation” for this series. Whether the gypsum-bearing beds 
of northeastern Chihuahua are connected with those of southern and cen- 
tral Coahuila, or whether they represent a distinct lagoon, separated by a 
narrow belt of continuous limestone deposition, has not yet been deter- 
mined. However, they have similar lithology and have about the same 
position in the stratigraphic section in the two regions. It is the writers’ 
opinion that the name “Cuchillo formation” should be restricted to the 
gypsiferous facies of the Aptian-Albian series, because Burrows first used 
it in that sense, and because the top and bottom limits have not been de- 
termined on paleontological evidence. 


SIGNIFICANCE OF THE GYPSUM FACIES 


The most striking fact in the distribution of the gypsum is that it is 
coextensive with the area of the southern peninsula of the pre-Aptian 
massif. Bése 47 implied some relationship between the two, when he postu- 
lated that gypsum, interbedded with marl and limestone in the “Middle 
Cretaceous” of the Sierra San Lorenzo, “indicates deposits formed in 
shallow lagunas near a coast line,” and, therefore, he assumed that the 
continent had existed in that area. He did not discuss the regional dis- 
tribution of the lagoonal facies, nor did he have sufficient data to recognize 
that the distribution coincided in any marked degree with the distribution 
of the landmass he had outlined. In preceding pages is recorded support 
for the view that widespread lagoonal conditions existed in southern and 


#4R. H. Burrows: Geology of northern Mezico, Soc. Geol. Mex., Bol., tomo VII, I*™® parte 
(1910) p. 95. 

Carlos Burckhardt: op. cit., p. 147. 

“ow. A. Kelly: op. cit., p. 30. 

47 Emil Bose: op. cit., p. 134. 
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central Coahuila during Aptian time, as the Cretaceous sea spread slowly 
northward. The land adjacent to these lagoons was low and furnished 
little clastic material. Circulation was poor, and evaporation kept the 
waters in a state of supersaturation, permitting deposition of calcium sul- 
phate and other salts. From time to time the sea flooded the lagoons with 
new supplies of normal sea water, or perhaps submerged them entirely, 
producing shallow, submarine banks. At these times, calcium carbonate 
and magnesium carbonate were deposited, and marine organisms, which 
had not been able to live in the saline waters, temporarily flourished in 
the shoals bordering the open sea. Thus, a series of deposits was built up, 
consisting of gypsum interbedded with limestone and dolomite. The 
lithologic sequence of the Cuchillo formation permits this interpretation 
of environment. Its areal distribution suggests that such an environment 
was related to the submergence of the Coahuila Peninsula. 


IGNEOUS ACTIVITY 
AGE AND GEOGRAPHIC DISTRIBUTION 


Five periods of igneous activity have been recognized in the border 
region of the pre-Aptian foreland block. They are: (1) Permian, (2) late 
or post-Permian and pre-Cretaceous, (3) Jurassic (?), (4) post-Creta- 
ceous, and (5) late Tertiary. Table 1 shows the localities where rocks 
of each of these periods are reported. No attempt is made to give a 
description of the igneous rocks, because the original delineations are so 
variable in quality and in method of treatment as to be of little value, and 
no comprehensive re-study of them has been undertaken. It is the purpose 
of this table: (1) to list the localities along the margins of the Coahuila 
Peninsula where igneous rocks are known; (2) to name the types of rock 
at each locality; (3) to indicate the structural relationships; (4) to note 
any evidence of time or period of activity; and (5) to assemble the refer- 
ences to publications dealing with the igneous rocks of the Coahuila 
Peninsula. 

PERMIAN EXTRUSIVES 

The earliest period of igneous activity recognized is represented by the 
lava flows which are interbedded with the marine Permian strata ‘in Las 
Delicias district.** 

POST-PERMIAN INTRUSIVES 


Evidence of the second period of igneous activity is presented by two 
large plutonic masses intruded into the Permian sediments: one, along the 
east foot of the Sierra del Sobaco, just west of Las Delicias; the other, 


48R. E. King: Permian of southwestern Coahuila, Mexico, Am. Jour. Sci., 5th ser., vol. 27 
(1934) p. 103-104. 
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along the western side of the Sierra de Acatita, near Coyote ranch. In 
both cases, the igneous rocks were peneplaned before the Cretaceous lime- 
stones were deposited. This period was certainly earlier than the Cre- 


Geolégico de Mézico, 
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50 W. A. Kelly: Geology of the mountains bordering the valleys of Acatita and Las Delicias, 
Geol. Soc. Am., Bull., vol. 47 (1936) p. 1029-1030. 

51 J. G. Aguilera: Rocas mezicanas clasificadas al micr pio en el Instituto Geoldégico de Mézico, 
Instit. Geol. México, Parergones, tomo V, nam. 9 (1914) p. 376. 
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taceous and of late- or post-Permian time. It is believed to be a part of 
the orogeny that closed the Paleozoic. 

Imlay’s study * of the petrology of La Gloria formation in Sierra de 
Parras, 25 miles southeast of Las Delicias, shows that a nearby landmass 
of granitic rocks and associated extrusives was undergoing rapid erosion 
during late Jurassic time. La Gloria clastics were undoubtedly derived 
from the Coahuila Peninsula and indicate that the plutonic rocks of the 
massif were intruded before upper Jurassic time. 


JURASSIC EXTRUSIVES 
The third pericd of igneous activity is represented by thick lava deposits 
near Villa Juarez, Durango, in the Rio Nazas Valley, along the crest of 
a broad structural uplift (the Villa Juarez uplift). The lavas are inter- 
bedded with red shales and sandstones derived chiefly from the lavas 
themselves. Their estimated total thickness is between 500 and 1000 feet. 
Because of their predominant red color, they have been described as a 
“Red Rock Series.” They are disconformable below Neocomian sand- 
stones, are uplifted parallel to the overlying strata, and are, therefore, 
tentatively considered to be of Jurassic age. 


POST-CRETACEOUS INTRUSIVES 


The fourth period of igneous activity was post-Cretaceous. It is widely 
indicated by plutonic and intermediate rocks intruded into Cretaceous 
sediments. Although numerous scattered dikes and sills are known in the 
southern part of the Coahuila Peninsula, there are four principal districts 
where igneous activity was concentrated and where large masses of deep- 
seated, intrusive rocks are known. Others doubtless exist beyond the 
region where detailed studies have been made, but it is perhaps significant 
that all those now known lie within the southern mountain structural sub- 
province and its continuation east of the Sierra Madre front. From east 
to west these districts are: (1) the San Carlos Mountains, Tamaulipas; 
(2) Mazapil-Concepcién del Oro, Zacatecas (Pl. 1); (3) San Juan de 
Guadalupe, Durango (PI. 1); (4) the Sierra de Mapimi, Durango. Lara- 
mide intrusions of the type here referred to are duplicated in many areas 
throughout the Rocky Mountain Cordillera. As pointed out by Keith,** 
they are conspicuous as laccoliths in the plateau region of Arizona and 
New Mexico. He says: 


“In the San Juan Mountains and the Rocky Mountain front of Colorado they 
appear as great stocks which have pushed up the Mesozoic rocks, filled them with 


%R. W. Imlay: Geology of the western part of the Sierra de Parras, Geol. Soc. Am., Bull., 


vol. 47 (1936) p. 1108-1109. 
8 Arthur Keith: Structural symmetry in North America, Geol. Soc. Am., Bull., vol. 39 (1928) p. 352. 
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dikes, and covered the surface with effusives. Similar laccoliths and stocks are seen 
in the Black Hills of Wyoming and in central and northern Montana. Other 
laccoliths and plugs are numerous in southern Texas and Mexico.” 


LATER TERTIARY EXTRUSIVES 


The fifth, and final, period of igneous activity is represented by extru- 
sions that took place in the late Tertiary. In Durango and Chihuahua, 
extensive lava flows and thick deposits of pyroclastics are widespread. 
They extend eastward as far as the Laguna de Mayran, and similar lavas 
are present in the San Marcos Valley in the central part of southern 
Coahuila. Flows of basalt and volcanic tuffs comprise the Sierra de 
Santiago (Pl. 1), 15 to 20 miles north of San Pedro de las Colonias, and 
outliers from that range extend northward to the southern end of Sierra 
de Santa Ana (Pl. 1). In this vicinity, Kelly ** found a basalt flow over- 
lying voleanic tuffs, and this, in turn, resting on Tertiary conglomerates. 
At Mesa Prieta, 15 miles southeast of San Juan de Guadalupe, Durango, 
Bose ®? observed rhyolite resting on Turonian sedimentary rocks and 
overlain by basalt. Other volcanics are known in northern Zacatecas and 
eastern Durango, at greater distance from the margins of the Coahuila 
Peninsula. 

At only one locality, Ojo de Agua, on the west side of the Sierra de 
Tlahualilo, are Tertiary tuffs and breccias known to be present in that 
portion of western Coahuila occupied by the pre-Aptian peninsula. Pre- 
sumably, they are a remnant of the once-continuous mass of extrusives 
blown from volcanoes, which lay west and south of the peninsula. There 
is no evidence of a vent in or near this locality. 

The extrusions of lava and the widespread accumulation of volcanic 
tuffs and breccias took place after the intensive folding of the mountain 
ranges. That deformation is believed to have occurred close to the begin- 
ning of Tertiary time,®* followed by the rapid erosion of the youthful 
mountains and the extensive distribution of coarse conglomerates along 
the mountain fronts and in the plains that soon developed across the syn- 
clinoriums. Basalts overlying such early Tertiary (?) gravels tend to 
place the time of this period of igneous activity well into the Tertiary. 
On the other hand, it must have taken place before the end of the Tertiary, 
because it is followed by another period of diastrophism, when the lavas 
were faulted and tilted. Since then, they have been deeply dissected by 
erosion. 


86W. A. Kelly: Geology of the mountains bordering the valleys of Acatita and Las Delicias, 
Geol. Soc. Am., Bull., vol. 47 (1986) p. 1029-1030. 

87 Emil Bose: Algunas faunas cretaci de Zacatecas, Durango y Guerrero, Instit. Geol. Méx., 
Bol., nim. 42 (1923) p. 60. 

8 Emil Bése and O. A. Cavins: The Cretaceous and Tertiary of southern Teras and northern 
Mezico, Univ. Texas Bull., no. 2748 (1927) p. 141, 142. 
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Ordofiez *° worked out the following succession of Tertiary igneous 
intrusions and extrusions in Mexico: 


6. Basalts 
5. Dacites 

4. Rhyolites 

3. Andesites—dacites 
2. Diorites—diabases 
1. Granites—granulites 


The evidence here reviewed tends, in general, to confirm this succession, 
although a clear time-separation of the granites, diorites, and andesites 
was not made. They appear, however, to be followed by the rhyolites, 
and the rhyolites are followed by basalts. 

Ordoitez says that the rhyolites at Yahualica, Jalisco, are intercalated 
with Pliocene marls and shales. In Guanajuato, rhyolitic tuffs and rhyo- 
lites rest on red conglomerates, which are probably basal Pliocene, or 
perhaps Miocene. The conglomerates had been warped and faulted before 
the tuffs were deposited. These movements, Ordéiiez thinks, probably 
caused the eruptions which immediately followed. He notes that the 
same series of phenomena has been observed in Zacatecas and in other 
parts of Mexico.® In the Sierra Madre the andesites were deeply eroded 
before the rhyolite flows covered them. 

From this line of reasoning, Orddiiez places the period of extrusion of 
rhyolites from the end of the Miocene to the middle of the Pliocene. He 
considers that the andesites were produced as a result of the folding of 
the Cretaceous sediments and that they were extruded immediately after 
that period of diastrophism. 

Keith,* who has emphasized the general association of Tertiary vol- 
canics with the areas of principal deformation, states that the Laramide 
Revolution in North America is believed to have been at its maximum 
from the end of the Cretaceous until the middle Tertiary or Miocene, and 
that the normal faults followed the compressional structures and began in 
the middle of the Tertiary. The faulting continued for different lengths of 
time in different parts of North America, and in some places it is still 
going on. The fact that the normal faults are directly imposed on the 
compression folds and overthrusts of the early part of the Laramide Rev- 
olution indicates that the time between the two processes, although com- 
paratively short, was sufficient for the cessation of compression and a 
change to relaxation or tension. The period of normal faulting is, there- 
fore, considered by Keith as an integral part of the cycle of deformation.” 


8 Ezequiel Orddéiiez: Las rhyolitas de Mézico, Instit. Geol. Méx., Bol. nim. 14, 15 (1900-1901) p. 66. 
% Op. cit., p. 67. 

%1 Arthur Keith: Structural symmetry in North America, Geol. Soc. Am., Bull., vol. 39 (1928) p. 355. 
% Op. cit., p. 356. 
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CONCLUSIONS 


From a review of the igneous rocks along the southern margin of the 
Coahuila Peninsula, the facts concerning the following conclusions are 
drawn: 


1. There is considerable range in types of igneous rocks, varying from 
typical alkali rocks, distributed east of the Sierra Madre front, to alkali- 
lime types scattered across the Cordillera. 

2. There were five periods of igneous activity from the late Paleozoic 
to the late Tertiary. 

3. The igneous activity was alternately extrusive and intrusive. 

4. During the two earlier periods (Permian and post-Permian) the 
igneous activity took place in the area occupied by the Coahuila Penin- 
sula; during the three later periods (Jurassic and Tertiary) it was con- 
fined to the geosynclinal area bordering the peninsula. 

5. The last period in the late Tertiary, probably early Pliocene, suc- 
ceeded an initial period of normal faulting which was subsequent to the 
period when intense compressional structures were formed. 


STRUCTURE 
GENERAL STATEMENT 


The structural pattern of southern Coahuila and eastern Durango falls 
naturally into three divisions (Fig. 3): (1) a central belt of broad, gentle 
folding, which extends from the Sierra de la Paila, Coahuila, on the east, 
to the Sierra de Campana, Durango, on the west, and from the Sierra de 
Garcia (Pl. 1), on the south, northward into central Coahuila; (2) a belt 
of strong folding in eastern Coahuila, northeast of the Sierra de los Ala- 
mitos and southeast of Cuatro Ciénegas; and (3) a belt of intense de- 
formation, which extends across southernmost Coahuila and northern 
Zacatecas from eastern Durango, on the west, to central Nuevo Leon, on 
the east. The first and third of these have long been recognized as major 
structural provinces, but the second has not been sharply distinguished 
from the first as a separate province. Recognition of the great difference 
in the type of structure in these three belts is essential to a rational ex- 
planation of the causes responsible for the regional pattern. 


CENTRAL PROVINCE 


The central belt is one of broad, gentle folding and includes the great 
brachyanticlines or periclinal folds of the Sierra de la Paila, the Sierra de 
los Alamitos, and the Sierra de Garcia, in the east. It also includes the 
Sierra del Venado (PI. 1), the Sierra del Sobaco, the Sierra de Tlahualilo, 
the Sierra de Campana, and related ranges, in the west. Undoubtedly, it 
takes in many mountain ranges lying to the north of the western group, 
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but these have not been studied in sufficient detail to demonstrate the 
regional structural plan. The eastern group of ranges also has never been 
studied in detail, but the general structure, as seen from the south and 
as reported by Bose, Kane, and others who have crossed them, is a gentle 
uplift. The western group is essentially the same but differs in that 
erosion has progressed much further and has divided the broad, gentle 
uplift into numerous ranges, more or less separated by valleys filled with 
alluvium. It is highly probable that variations in the lithology of the 
Aptian-Albian series has had much to do with this dissection of the uplift. 

As previously stated (p. 983-987) these ranges are composed, in large 
part, of the gypsum facies in the Cuchillo formation. This is an 
easily eroded unit, and, where the gypsum and marl predominate in the 
section, the mountains have been cut down more rapidly than where lime- 
stone predominates. In the mountains bordering the valley of Las De- 
licias, Kelly ** found that the Cuchillo formation is overlain by the mas- 
sive Aurora limestone, except at the margins of the ranges. East of the 
valley, this limestone apparently still covers much of the surface, so that 
the gypsum facies has not been subjected ta widespread weathering. In 
the Sierra de Tlahualilo, to the west, the capping of Aurora limestone is 
being undermined by rapid erosion of the gypsiferous Cuchillo formation, 
exposed along the margins of the range. 

The structure of the Cretaceous rocks in the mountains bordering the 
valleys of Las Delicias and Acatita illustrates the type of folding char- 
acteristic of the central province. Kelly ** and Robinson * have studied 
these ranges in some detail. The major structure between the two valleys 
is a broad, composite, anticlinal uplift, trending northwest-southeast and 
plunging in both directions. Superimposed upon it are many sharp, per- 
sistent folds, parallel to the central axis. Minor cross folds, ordinarily 
non-persistent and with gentle dips, appear to reflect topographic irregu- 
larities in the basement rocks. The main axis of the major anticlinorium 
extends along the western margin of the range, in its northwestern part, 
but to the southeast the axis crosses the central part of the mountain area. 
Limited observation on the minor anticlines southwest of this axis indi- 
cates that they tend to be asymmetrical, with the steeper dip on the south- 
west. The major structure of the Cretaceous rocks in the Sierra de Tlahua- 
lilo, west of the Acatita Valley, is a broad, gentle fold, trending slightly 
west of north. Two prominent cross-folds, almost perpendicular to this 
major trend, cross the range—one, at its north end; the other, about 15 
miles farther south. These are believed to reflect topographic features, or 
zones of displacement, in the underlying basement rocks. 


% W. A. Kelly: op. cit., p. 1027. 
% Op. cit., p. 1031-1036. 
% W. I. Robinson: Geology of the Sierra de Tlahualilo, Durango, Mexico (in manuscript). 
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EASTERN PROVINCE 


The eastern belt of strong folding, northeast of the Central Province, is 
arbitrarily limited for the present discussion to the mountain ranges lying 
southeast of Cuatro Ciénegas and west of the railroad from Monclova to 
Paredén (Pl. 1). This province includes the Sierra de la Fragua, the 
Sierra de San Marcos, the Sierra de la Purisima, and parallel ranges to the 
northeast. On the southeast, it includes the Sierra Rosalia (Pl. 1), the 
Sierra de Patula, and the Sierra de la Gavia. Excepting only the Sierra 
de la Gloria (Pl. 1), these are the principal ranges south of Monclova, 
which lie west of the Upper Cretaceous geosyncline extending northward 
through Paredén—the continuation of the Parras Basin, described under 
the next head, “Southern Province.” This province is characterized by 
long, steeply folded anticlines, which trend northwest, approximately 
parallel to the northeast flank of the Sierra de los Alamitos. The folds 
are asymmetrical; in most cases, they have their steeper flank on the 
southwest and their axial plane dipping northeastward. Erosion along 
the axes has formed anticlinal valleys at places. The Sierra de la Puri- 
sima, with the valley of El Barril, may be cited as a typical example of 
the type of folding in this province. The highest, and most rugged, part 
of the mountain range is formed of Lower Cretaceous limestone, but, 
along the western flank, remnants of basal Upper Cretaceous shales and 
thin-bedded buff limestones are locally present, and, in the valley of El 
Barril, arkose and coarse conglomerates of the Neocomian are exposed. 

The structural characteristics of the San Marcos anticline, and those 
to the southwest, are less clearly defined, because erosion and aggrada- 
tion have destroyed and concealed them to a large extent. Almost the 
entire west flank of the San Marcos anticline has been eroded away. The 
Caiién de San Marcos does not represent simply erosion along the crest 
of a normal anticline, for an axis from the Sierra de la Fragua enters at 
the northwest end of the valley and another is present to the southwest. 
Furthermore, Upper Cretaceous limestones and shales are present in the 
central part of the San Marcos Valley, indicating that it is, in part, 
synclinal. 

In summary, despite the fact that erosion has concealed the structure 
in part of this province, its characteristics are well shown in ranges where 
the folds are defined by rock outcrops. Deformation in the Eastern Prov- 
ince is much more intense than in the Central Province, but much less 
intense than in the Southern Province. As in the Southern Province, 
the asymmetry of the anticlines is great, with the southwest flank com- 
monly vertical, but here the folds are not recumbent. 


SOUTHERN PROVINCE 


General divisions —The pronounced zone of cross-folding in the Sierra 
Madre Cordillera has a width of about 75 miles and has been traced for 
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more than 250 miles, from the State of Durango, on the west, across 
southern Coahuila, northern Zacatecas, and Nuevo Leén, into Tamau- 
lipas, on the east. It forms a salient in the eastern front of Sierra Madre 
Oriental, to the south of Monterrey, and is reflected in the structure of 
the San Carlos Mountains of Tamaulipas, 30 miles east of the Cordilleran 
front. This zone is divided into two physiographic and structural sub- 
provinces: (1) the Parras Basin, on the north, and (2) a belt of high 
mountain ranges, on the south. The former is a geosyncline; the latter, 
a geanticline; both have numerous minor anticlines and synclines. 


Parras Basin subprovince—The Parras Basin is a topographic depres- 
sion extending across southern Coahuila, from the towns of Saltillo and 
Arteaga (Pl. 1), on the east, to the vicinity of Torreén, on the west. 
It is about 130 miles long and tapers from a width of about 40 miles, in 
the west, to 20 miles, in the east. The nature of the folding in the Parras 
Basin has been described by Imlay ** in the El Pozo-Boquillas area, 50 
miles east of Torreén, as follows: 


“The region is crossed from east to west by a series of sinuous folds trending 
generally ESE—W.N.W., which close to the west as they plunge beneath the 
alluvial plain of the Laguna de Mayran. Faulting occurs rarely as overthrusts and 
cross faults, and abundantly as small bedding faults. 

“The anticlines are all steepest on their north flanks, are usually slightly over- 
turned, and are in places recumbent. Along any one there occurs a number of 
domes and saddles of which the domes are more overturned. The anticlines and 
synclines are practically of equal width, varying from 100 yards to over two miles.” 


The Parras Basin is believed to have begun forming as a separate struc- 
tural downwarp early in the Upper Cretaceous.®* This is suggested by oc- 
casional conglomerate beds throughout the Upper Cretaceous section, in 
which the pebbles are almost exclusively limestone resembling that of the 
Lower Cretaceous. The subangularity of these pebbles indicates that 
their source was not far distant. Furthermore, the accumulation of more 
than 12,000 feet of shallow water sediments in this basin during late San- 
tonian and Campanian time, and the absence of any known remnant of 
them in the regions to the northwest and to the south, indicate that this 
was a subsiding trough throughout most of the Upper Cretaceous. At 
the east end of the Parras Basin, this trough makes a sharp turn to the 
north and extends for many miles along the west side of the Sierra Madre 
Oriental into central Coahuila. 


Mountain subprovince of the east-west structural zone—To the east 
of the Parras Basin is the Sierra Madre Oriental, comprising the greaé 


%R. W. Imlay: Stratigraphy and paleontology of the Upper Cretaceous beds along the eastern 
side of Laguna de Mayrdén, Coahuila, Mezico, Geol. Soc. Am., Spec. Pap. (in press). 
Ibid. 
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belt of steeply folded ranges that lies southwest of Monterrey and east 
of Salti!':. In this region, intensive compression has developed a series 
of overtuzied or fan-shaped anticlines and synclines in Cretaceous and 
Jurassic rocks, with enormous horizontal shortening. The axes of these 
folds trend, in general, east-west and pass eastward by a rather short 
curve to a southeast direction.** At the west end, where they close and 
plunge into the Parras Basin, they become symmetrical, and then are 
overturned westward, parallel to the strike of their axes. No important 
faulting has been recognized. Bdse’s geological cross-sections,®® drawn 
in a north-south direction across this region, show the axial plane, in 
nearly every anticline, inclined to the south. 

East of the Sierra Madre Oriental, this prominent zone of east-west 
folds is present in central Tamaulipas in the San Carlos Mountains, which 
rise out of the coastal plain about midway between the Cordilleran front 
and the Gulf Coast. The San Carlos Mountains?” are a broad, arcuate 
geanticline, trending in a general easterly direction, with the convex side 
to the south. Superimposed upon this major structure are numerous, low 
flexures, parallel to it, and also a number of domes produced by igneous 
intrusions. The axes of folds in this geanticline are not the continuation 
of axes in the Sierra Madre Oriental, but are the continuation of axes 
which lie east of, and parallel to, the Cordilleran front, farther north- 
west, and are turned eastward in the zone of cross-folding. 

West of the Sierra Madre Oriental and south of the Parras Basin the 
structure of this belt has been studied in a number of areas. In the 
region of Mazapil-Concepcién del Oro (Pl. 1), in northern Zacatecas, the 
mountain ranges are anticlinal and trend generally eastward; ?% their 
structure is complicated by several faults and by the presence of intru- 
sive masses. The Sierra de Santa Rosa and the core of the Sierra de 
Canutillo (Pl. 1) show a slight tendency toward fan structure. The Con- 
cepcién del Oro anticline, a southeast continuation of the Sierra de la 
Caja (Pl. 1) structure, is overturned toward the northeast and is crossed 
by a fault. 

Due north of Mazapil, the first range south of the Parras Basin is the 
Sierra de Parras. Near the town of General Cepeda, Bése ' described 
the structure as an anticline, overturned toward the north, with a minor 
syncline at the center. Farther west, this range has been mapped by 


% Emil Bése: Vestiges of an ancient continent in northeast Mezico, Am. Jour. Sci., 5th ser., 
vol. 6 (1923) p. 326. 

Op. cit., p. 200. 

100 T,, 33, Kellum: Geology of the sedimentary rocks in the San Carlos Mountains, in Geology and 
Biology of the San Carlos Mountains, Tamaulipas, Mezico, Univ. Mich., Scientific Ser. (in press). 

101 Carlos Burckhardt: Etude synthétique sur le Mésozoique mezicain, Soc. Paléont. Suisse, Mém., 
vol. XL (1930) p. 46. 

102 Emil Bése: op. cit., p. 330. 
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imlay,’® for a distance of 30 miles, from the town of Parras to Puerto 
La Pefia, at its western end. In this part, the range is made up of five 
principal anticlines, which are the northern folds of a broad anticlinorium. 
There is no structural line of demarcation between these folds and the 
similar ones forming the ranges to the south. The anticlines in the west- 
ern part of the Sierra de Parras are overturned to the north, and, locally, 
some of them are also overturned to the south, producing fan-shaped 
folds. Toward the west end of the range, the trend of the axes turns, by 
a short arc, from northwest to southwest, and, concomitantly, the folds 
are more strongly compressed, and their axial planes are more inclined. 
In the westernmost three miles, the folds are nearly recumbent and are 
overthrust at least half a mile to the northwest. This intense thrust in 
the Sierra de Parras seems to over-ride the eastward-plunging folds of 
the Sierra de la Pefia, which is the next range to the west. 

The axes of folding in the Sierra de Parras are continued to the south- 
west, in the Sierra de Jimulco. There, they trend almost due west, as far 
as the center of the range, where they swing sharply to the southwest 
for several miles.'°* In the western half of the Sierra, they curve to the 
northwest and continue in that direction across the Rio Aguanaval (PI. 1) 
into other mountain ranges, which have the normal northwest-trend of 
the Rocky Mountains. Thus, the axes of the anticlines in the zone of 
east-west cross-folding pass into the normal northwest-trends of the Cor- 
dillera, on the west, by a series of relatively short, arcuate curves or 
buckles. The axial planes of these anticlines in the Sierra de Jimulco 
are generally inclined to the south, and at one place the plane dips as 
low as 45 degrees. The north flank of the folds is, therefore, steeper than 
the south flank and is commonly vertical or overturned.’ 

To the northwest, these folds are continued in the mountain ranges that 
cross the Nazas Valley, west of Torreén.1°% The Sierra de Mapimi, 
northwest of Torreén, and the Sierra de las Noas (Pl. 1), southeast, are 
at the western end of the Parras Basin. The major anticlinal axis of the 
Sierra de Jimulco passes into a thrust fault along the northeast side of 
the Sierra de Hispafia (Pl. 1). This fault is on the southwest flank of 
the Villa Juarez uplift, which crosses the Nazas Valley near Villa Juarez, 
Durango. On the northeast flank are several prominent anticlines, which 
cross the Nazas Valley between Villa Judrez and Torreén. All are steep 
and approximately symmetrical. Two of them, which were traced north- 


10 R, W. Imlay: Geology of the western part of the Sierra de Parras, Geol. Soc. Am., Bull., 
vol. 47 (1936) p. 1136. 

1%, B. Kellum: Reconnaissance studies in the Sierra de Jimulco, Merico, Geol. Soc. Am., Bull., 
vol. 43 (1932) fig. 5, opp. p. 546. 

105 Op. cit., p. 554. 

106 J,, B. Kellum: Geology of the mountains west of the Laguna district, Geol. Soc. Am., Bull., 
vol. 47 (1936) p. 1076, 1087. 
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westward into the Sierra de Mapimi, make a sharp curve to the west, 
across that range, in an arcuate buckling of the axes, similar to those 
observed in the Sierra de Jimulco. 

About 15 to 20 miles northwest of Torreén, in the vicinity of Dinamita 
and Cerro Blanco (Pl. 1), a mass of granodiorite is intruded into the 
Lower Cretaceous limestone of the Sierra de Mapimi. It has an exposed 
diameter of about seven miles and is roughly circular in outline. The 
limestones dip steeply away from the igneous mass, on the east and 
northeast, but, to the west, a narrow rim of calcite and marble is appar- 
ently a remnant of the roof. 

At the northwest end of the Sierra de Mapimi, the structure is intensely 
folded and faulted and is far more complex than in any other part of 
the range. In the vicinity of the Ojuela (Pl. 1) mining district, a num- 
ber of sharp anticlines of Lower Cretaceous limestone plunge to the north- 
west, beneath Cenomanian-Turonian shales and limestones of the Indi- 
dura formation. Prescott,!°’ who has studied the structure in the mines, 
states that the folds are accompanied by some overthrusting and are 
separated by parallel faults that stand at high angles, with vertical com- 
ponents of displacement of at least 100 meters each. To the southwest 
of the Ojuela camp, there is a high, rugged escarpment, named the “Bufa 
de Mapimi.” The structure of this escarpment is a series of small anti- 
clines and synclines, similar to those which pass through the Ojuela camp 
except that they are all recumbent to the northeast and, therefore, are 
piled one upon the other. Traced to the northwest, the lower folds of 
the Bufa can be seen to separate at the base of the high range, as normal, 
symmetrical anticlines. 

The next range, about ten miles west of Mapimi, is Sierra del Rosario. 
The northwest half of the uplift, which has been studied by Kellum in 
some detail, has a structure similar to the Bufa de Mapimi. The range 
is an anticlinorium, trending about N 45° W. It is composed of numerous 
tight folds of Cretaceous limestone and shale, crowded one upon another, 
and all overturned to the northeast. At the northwest end of the range, 
these separate into symmetrical anticlines, plunging to the northwest. 
In the central part, however, all the folds are recumbent, giving a pre- 
dominant southwest-dip to the rocks, across the entire width of the Sierra. 

In tracing the axes of the uplifts westward from the Sierra de Parras, 
no mention was made of the structure of the Sierra de la Pefia, which 
lies west of the Sierra de Parras and north of the Sierra de Jimulco. The 
Sierra de la Pejia is an anticlinorium,’** comprising about 25 anticlines, 


107 Basil Prescott: The underlying principles of the limestone replacement deposits of the Mezican 
province, Eng. and Min. Jour., vol. 122, no. 8 (1926) p. 290. 

108 T. 8. Jones: Geology of Sierra de la Pefia and paleontology of the Indidura formation, Coahuila, 
Mezico, Geol. Soc. Am., Spec. Pap. (in press). 
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striking approximately N 70° W. These folds are all overturned to the 
north, commonly isoclinal, except at their ends, where they are nearly 
symmetrical, and plunge quickly beneath a plain of alluvium. They are 
topographically much lower, and structurally much less uplifted, than 
the nearer mountains to the east, west, and south. A structural saddle 
separates the Sierra de la Pefia from the Sierra San Lorenzo, on the west. 
The latter range has not been studied in detail, but, from its eastern end, 
its structure appears to be essentially the same as that of Sierra de la 
Pefia. These two ranges seem to belong to the same zone of folding, 
although, at the margin of the mountain, the anticlines in each plunge 
beneath the alluvium-filled plain that separates them. 

At four localities, masses of deep-seated igneous rock, probably lacco- 
liths, have been intruded into the Lower Cretaceous limestones in the 
mountain subprovince and in its structural continuation east of the Sierra 
Madre front. These are: (1) the San Carlos Mountains, Tamaulipas; 
(2) the Mazapil-Concepcion del Oro district; (3) the San Juan de Gua- 
dalupe district; and (4) the Sierra de Mapimi. 

The mountain subprovince, as described in the preceding paragraph, 
is bounded on the north, in southern Coahuila, by a persistent zone of 
overturning, causing the resistant mountain-forming Lower Cretaceous 
limestone to overlie a part of the Cenomanian-Turonian series. This zone 
begins near the city of Monterrey, and extends westward to Hacienda 
Santa Maria, in eastern Coahuila, turns south 1° to Agua Nueva (PI. 1), 
and again westward, along the north side of the Sierra de Parras, develop- 
ing into an overthrust at the west end of that range. It continues along 
the north side of the Sierra de Jimulco, but at Puerto Carros (Pl. 1) it 
recedes from the mountain front into the center of the Jimulco uplift. 
The zone of overturned beds continues, however, to the western end of 
the Sierra de Jimulco; here, it merges into the overthrust fault along the 
northeast side of the Sierra de Hispafia, which, in turn, can be traced 
westward until it disappears in the alluvium-filled valley between the 
Sierra de Mapimi and the Sierra del Rosario. 

Between Santa Maria, on the east, and Puerto La Peiia, on the west, 
this zone of overturning forms the eastern and southern boundaries of the 
Parras Basin, but, as it swings to the southwest, at the end of the Sierra 
de Parras, and through the Sierra de Jimulco, three smaller mountain 
ranges, the Sierra de la Pefia, the Sierra San Lorenzo, and the Sierra 
Texas, are present to the north of it. 


Summary.—Reviewing the main features of the mountain subprovince 
of the prominent east-west structural zone, one sees that it begins in the 


1® Emil Béise: Vestiges of an ancient continent in northeast Merico, Am. Jour. Sci., 5th ser., 
vol. 6 (1923) p. 327-330. 


SUMMARY OF GEOLOGIC EVIDENCE 1001 


east, near the Gulf of Mexico, as a gentle uplift rising out of the Coastal 
Plain. At the eastern extremity (the Sierra de Cruillas in central Ta- 
maulipas) it has an ill-defined northeast trend and passes westward into 
a trend of approximately N 70° W (Sierra de San Carlos). Then, in the 
Sierra Madre Oriental, 30 miles to the west, the type of folding changes 
to one of great intensity, which persists for nearly 200 miles westward, 
as far as the Sierra de Jimulco, where true isoclines are developed, with 
an increasing tendency toward northward-overturning. 

Northwest of the Sierra de Jimulco, in the mountains at the western 
end of the Parras Basin, is another structural type. The intense folding 
in the Sierra de Jimulco passes into a northeast overthrust (Sierra de 
Hispafia Overthrust). The broad Villa Juarez Uplift is produced in front 
of this overthrust, with several anticlines on its northeast flank. Three 
short arcs, or buckles, to the southwest are developed in the structural 
axes as the regional strike changes from the east-west zone to the normal 
Rocky Mountain trend, between the Sierra de Jimulco and the Sierra 
de Mapimi. At the northwest end of the Sierra de Mapimi, and in the 
Sierra del Rosario, 10 miles farther west, a fourth structural type is devel- 
oped in this subprovince. It consists of intense crumpling into numerous 
tight folds, all overturned to the northeast, and forming a high mountain 
mass of great complexity. Although this zone has not been traced in other 
ranges to the northwest, it undoubtedly continues in that direction. 

The structure of the mountain subprovince is dominantly the result 
of horizontal compression, but locally it has been modified by the intru- 
sion of plutonic masses. A zone of overfolding, which locally passes into 
an overthrust, forms the northern boundary of the subprovince in the 
east and lies within the subprovince in the west. 


CORRELATION WITH THEORIES OF CONTINENTAL STRUCTURE 


The region discussed in this report lies within the belt of folding, as 
well as that of normal! faults, of the Cordilleran Province of North Ameri- 
ica, as defined by Keith in his outline of the structural symmetry of the 
continent. Keith '?® states that the belt of strong folding is found along 
the eastern front of the Cordilleras, including all of the Rocky Mountains 
and their extensions into Alaska and through Mexico to the Caribbean 
Sea. The folds are characterized by their great length and are wider, in 
proportion to their length, than are the folds in the Appalachians. He 
says: 

“Some of them are so broad that the rocks are plainly not competent to raise 


and sustain the arches unless they were pushed upward by vertical forces. . . . The 
folds in this division are in the main overturned toward the east and the thrust 


10 Arthur Keith: Structural symmetry in North America, Geol. Soc. Am., Bull., vol. 39 (1928) p. 333. 


if 


1002 EVOLUTION OF THE COAHUILA PENINSULA, MEXICO 


faults which develop from the anticlines dip westward more than in any other 
direction. In a single range, however, the overturning and the thrust may be first 
on one side of the axis and then on another.” 


This description of the province as a whole is equally true for the parts 
of Coahuila and adjacent states covered by the present report. 

In addition, one may point to certain modifications due to anomalous 
conditions. The persistent axes traced through the Sierra de Parras, the 
Sierra de Jimulco, and the mountains west of the Laguna district are 
examples of the long foids characteristic of this belt. The Sierra de la 
Paila, the Sierra de Tlahualilo, and the mountains surrounding Las Deli- 
cias Valley are examples of folds too broad to have been raised and sus- 
tained by horizontal pressure alone. Typical eastward-overturning of 
the folds in this province as a whole is modified, in the region under dis- 
cussion, by the presence of the Coahuila Peninsula, projecting southward 
from the eastward-trend of the continental margin, throughout most of 
Mesozoic time. Keith emphasizes the effect of a continent on deforma- 
tion and shows that the pressure that caused the folds and overthrust 
came from the sea toward the continent. He says: 


“The Tertiary ranges of the Rocky Mountains show a great preponderance of 
thrust and overturning from the direction of the Pacific toward the interior of the 
continent. This pressure against the continent is a major fact and one of supreme 
importance in considering the various theories of mountain-building.” ™ 


The pre-Aptian peninsula in western Coahuila is the exception which 
proves the rule. Here, the folding in the persistent seas adjacent to the 
continent has the steeper flank, in general, toward the continent on all 
sides. Finally, examples are numerous, of folds, commonly overturned 
toward the continent, locally overturned also to the opposite side, pro- 
ducing in that part a fan-structure. 

The belt of normal faults in the Cordilleran region, as described by 
Keith, lies, in general, to the west of the strongly folded belt. It diverges 
somewhat from the course of the folded belt, but the two actually merge 
along the Mexican border. Its best known development is in the Basin 
Range region of Utah, Nevada, and southern California.’? Eastern 
Chihuahua is characterized by island-like mountain ranges of typical 
Basin Range structure, but few normal faults have been described as 
present in southern Coahuila and eastern Durango. Many are doubtless 
present, and they may be more important in the structure of the moun- 
tains than has been heretofore recognized. The possibility of faulting in 
the Sierra de Jimulco has been suggested.14* The Viesca (Pl. 1) plain, 


111 Op. cit., p. 325. 
12 Op. cit., p. 355-356. 
13, B. Kellum: Reconnaissance studies in the Sierra de Jimulco, Mezico, Geol. Soc. Am., Bull., 


vol. 43 (1932) p. 558. 
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about 12 miles wide, which separates the structural axes of the Sierra de 
Jimulco on the northeast, may have been produced, in part, by block 
faulting; it is, however, in a zone of intense folding and overthrusting, 
where the axes are sharply turned; the crushing and stretching which 
accompanied such rock deformation favored rapid stream erosion and is 
believed to be the chief factor in the development of the Laguna de 
Viesca. Unimportant cross faults—i.e., perpendicular to the folds—in 
the El Pozo-Boquillas area of the Parras Basin, were noted by Imlay.'** 

King *** has interpreted the eastern front of the Sierra del Sobaco as a 
normal fault and the Valle de Las Delicias as a graben. The relation- 
ships here, however, are more simply explained by erosion, for positive 
evidence of faulting is absent. To the northeast of Mapimi, Durango, 
Singewald *** found the Tertiary lava flows and volcanic tuffs faulted 
and tilted from their normal horizontal position. 

The writers regard the Coahuila Peninsula as the chief cause of the 
prominent zone of cross-folding that lies to the south of it, extending 
across southern Coahuila and northern Zacatecas. The peninsula acted 
as a foreland, which failed to compress with the surrounding sediments 
because of its more resistant substructure. Evidently the tangential pres- 
sure, which shortened the strata of the Cordilleran trough, as a whole, 
in an east-west direction, acted from both the west and the east, as well 
as from the south, against the peninsula. This relationship is included by 
Bucher in his Law 27, which states that “the structure of all intensely 
folded orogenic belts is one-sided, with folding and thrusting outward 
from the axial welt much stronger on one side than on the other.” 7 In 
the larger sense; the region dealt with is the northern margin of a west- 
ward-trending “welt.”” Under compression, Bucher says, the crust yields 
at its weakest point, which is chiefly along the edges of, or within, the 
sediment-filled furrows, where the crystailine portion of the crust-is thin- 
nest.4® These lines are determined originally, he believes, by tension in 
the earth’s crust, which develops furrows that, in turn, become the geo- 
synclines. 

Bose 1"° explained the prominent zone of east-west folding in the Cor- 
dillera, and the north-south sector of the westward-overturning, between 
Santa Maria (Pl. 1) and Agua Nueva, as a result of two distinct direc- 
tions of pressure. He says that these two movements may have been 


14R, W. Imlay: Stratigraphy and paleontology of the Upper Cretaceous beds along the eastern 
side of Laguna de Mayrén, Coahuila, Mexico, Geol. Soc. Am., Spec. Pap. (in press). 

u5R. E. King: Permian of southwestern Coahuila, Mezico, Am. Jour. Sci., 5th ser., vol. 27 (1934) 
p. 111-112. 

116 Q. D. Singewald: op. cit., p. 1172. 

u7'W. H. Bucher: The deformation of the earth’s crust (1933) p. 260. Princeton University Press. 

8 Op. cit., p. 147. 

19 Emil Bése: Vestiges of an ancient continent in northeast Mezico, Am. Jour. Sci., 5th ser., 
vol. 6 (1923) p. 333. 
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almost simultaneous, but that the north-south line probably indicates an 
older line of disturbance. He attributes the northward-overfolding in the 
belt of cross-folding to an originally (i.e., at the beginning of Tertiary 
time) lower position of the country north of the Sierra de Parras (i.e., 
the Parras Basin). He concludes that “if the North Mexican Jurassic 
continent was of any influence in the tectonics, it probably was only by 
offering less thickness against lateral pressure because of the lesser thick- 
ness of the Mesozoic strata.” 

Baker,'”° on the other hand, considers that the piling up of the folds in 
the Parras Basin synclinorium and in the great anticlinorium that lies 
to the south of it, between Saltillo and Torredén, is due to some underlying, 
strong ridge-barrier, perhaps the margin of the “Jurassic Continent.” 
He pictures the formation of the “brachyanticlines” to the north of the 
Parras Basin, as “a relatively thin Mesozoic section sliding eastward over 
either a gypsum plane of lubrication or else the upper surface of a more 
solid basement, and puckering up like a fairly stiff oilcloth sheet, one 
side being tacked down and the other shoved towards the tacked-down 
end over a table.” He attributes this to pressure from the west. This 
view conforms, in general, to that of the writers, except that they believe 
that overturning and asymmetry toward the foreland block on all sides 
in the belt of intense folding indicates pressure from all directions. 

The structure of Cretaceous rocks on the Coahuila Peninsula and their 
relation to the intensely folded marginal belt are strikingly similar to 
the Alpine forelands of Europe, in their relation to the mountain chains 
of the alpine type. In central Spain, for instance, the Celt-Iberian block 
is bordered by the Pyrenees, on the north, and the Betian chains, on the 
south; both belong to the Alpine system. On the Celt-Iberian foreland 
block itself, the direction of the asymmetries is predominantly north in 
the northern part of the block and predominantly south in the southern 
part. In the marginal zone of alpine folds, however, the southern Pyre- 
nees are overturned toward the south, against their southern borderland 
(i.e., the foreland block), and the Betian chains are folded over toward 
the north. Thus, the strong asymmetries of the mountain chains of the 
alpine type toward the Celt-Iberian foreland are contrasted with more 
subdued asymmetries within the Celt-Iberian block toward the fringing, 
folded mountain chains.’**_ This parallelism between the Coahuila Penin- 
sula and the foreland of central Spain is so evident as to indicate a 
similar origin. 


120C, L. Baker: Letter dated November 16, 1934. 
121 Hans Stille: Asymmetric folds with reference to German salt bodies, Am. Assoc. Petr. Geol., 
Bull. 16, no. 2 (1932) p. 171-173. 
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SUMMARY 


Stratigraphic, physiographic, and structural evidence point to the exist- 
ence of a landmass in western Coahuila during most of pre-Aptian Meso- 
zoic time. This land was a peninsula on the southern edge of the North 
American continent and was submerged in Aptian time, by transgression 
of the sea from the south. It was formed, in large part, of plutonic 
igneous rock, much of which was intruded at the close of the Paleozoic. 
In the southern part of Coahuila, Permian marine sediments and lavas 
and metamorphosed sediments of probable Permian and earlier Paleozoic 
age also formed a part of the foreland. In northern Coahuila, it was 
formed, in part, by pre-Cambrian mica schist. The distribution of this 
ancient landmass is correlated with a belt of broad, low uplifts in the 
Cretaceous rocks, which contrasts conspicuously with the belt of intense 
folding that skirts it on three sides. According to the structural evi- 
dence, the southern part of the peninsula widened eastward to include 
the great brachyanticlines of the Sierra de los Alamitos and the Sierra 
de la Paila. 

The distribution of the landmass is also correlated, at least in the 
southern half of Coahuila, with a gypsiferous facies of the Aptian and 
the Albian. The extent of this facies has been closely delimited on the 
east, west, and south. 

Where best exposed, the grain of the basement rocks, which comprise 
the foreland block in southern Coahuila, appears to have two principal 
trends—approximately N 12° to 20° E and N 75° E. The trend of folds 
in the overlying Cretaceous rocks varies from about N 25° W to slightly 
east of due north. Locally, folding in the upper series appears to reflect 
topographic irregularities in the lower series. 

A review of the geologic and geographic distribution of igneous rocks 
in southern Coahuila and eastern Durango has shown five periods of 
alternating intrusive and extrusive activity, from late Paleozoic to the 
present time. The first two periods comprise: (1) the extrusion of lavas 
in Permian time, and (2) the subsequent intrusion of granodiorite and 
related rocks in post-Permian-pre-Cretaceous time; in these, the activity 
was apparently confined to the area of the Coahuila foreland. The last 
three periods comprise: (3) the extrusion of andesites and porphyries in 
early Jurassic or Triassic time, (4) the intrusion of diorites and related 
rocks in Eocene time, and (5) the extrusion of rhyolites and basalts, ac- 
companied by volcanic tuffs and breccias, in late Tertiary time; in these, 
the igneous activity was apparently confined to the area occupied by 
the geosyncline marginal to the Coahuila foreland. 

To the south of the Coahuila Peninsula, a prominent belt of east-west 
folding, characterized by intense folding, with dominant overturning on 
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the north flank, extends across at least the eastern half of the Sierra Madre 
Cordillera. The position of this belt is correlated with the location of a 
geosyncline in pre-Aptian Mesozoic time. In the mountains around the 
western end of the Parras Basin, where the axes of the zone of cross- 
folding pass into the normal northwest trend of the Cordillera, three short 
ares, or buckles, to the southwest have been observed. This is an anoma- 
lous structural plan, produced by the regional strike change around the 
end of the peninsula. 

The Neocomian epoch and the Jurassic period are represented by a 
great hiatus in the stratigraphic sections exposed in the mountain ranges 
on the foreland block itself. In the section of the belt marginal to the 
foreland, however, they are represented by thick formations, dominantly 
of clastic origin near the foreland and passing horizontally on the south 
and east into chiefly limy strata. There was progressive northward over- 
lap on the south margin of the foreland, between Neocomian and Jurassic 
time. 

In the subsequent deformation of this part of Mexico, during early 
Tertiary time, the Coahuila Peninsula acted as a typical foreland on 
the margin of the Neocomian-Jurassic trough. 


CONCLUSIONS AS TO GEOLOGIC HISTORY 


The first major period of diastrophism that can be recognized in south- 
ern Coahuila is correlated with the Appalachian Revolution, the evidence 
being the steep folding of the Permian and other Paleozoic rocks. Out- 
pourings of lava and intrusions of granodiorite, associated with the Paleo- 
zoic sediments in the foreland block, are regarded as a phase of the same 
orogenic disturbance. 

In mid-Jurassic or Triassic time, volcanic activity occurred in the mar- 
ginal seas to the southwest of the peninsula and deposited the red lavas 
now exposed in the Nazas Valley, at the center of the Villa Juarez uplift. 

Submergence of the Coahuila Peninsula in Aptian time was probably 
not accompanied by local diastrophism, as indicated by the small amount 
of clastics and the thick lagoonal gypsum, which suggest a gradually 
advancing sea. 

The second major period of diastrophism is correlated with the Lara- 
mide Revolution. It began in early Upper Cretaceous time, with emer- 
gence of most of Coahuila, Chihuahua, Durango, and Zacatecas. Con- 
comitant with this regional upwarping was a slow subsidence of the Parras 
Basin trough, along the south side of the earlier foreland block, and 
subsidence in the northward-continuation of the same trough, along the 
east side of the foreland. As relief of the land increased on both sides 
of this narrow Upper Cretaceous embayment, active stream erosion chan- 
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neled the newly exposed land surface. The streams locally cut through 
the limestones formed in the late Lower Cretaceous and widened their 
channels in the underlying shale formation. In these valleys, gravel de- 
posits were formed; they were composed chiefly of limestone cobbles, 
with lesser amounts of sandstones and red lavas from older formations. 
At the close of the Upper Cretaceous (Maestrichtian), the sea withdrew 
entirely from the Parras Basin trough, and the entire Cordilleran prov- 
ince was elevated above sea level. 

Intense folding took place during the Eocene. The geosyncline of pre- 
Aptian time was plicated into sharp anticlines and synclines, local iso- 
clines, fan-folds, and overthrust faults. The gravel deposits that had 
accumulated in the valleys of the previously emerging land were folded 
with the Lower Cretaceous limestones and older rocks or, locally, were 
pushed up on edge by the advancing block of an overthrust. This stage 
of compression was closely succeeded by the intrusion of coarse-grained 
igneous rocks, of acid to intermediate composition, forming stocks and 
laccoliths. Associated with them are dikes and sills of andesites and 
alkali lamprophyres. 

Next followed a period of contraction in the earth’s crust, which gave 
rise to normal faulting in the mid-Tertiary, probably continuing into 
Quaternary time. Stream erosion, stimulated by renewed elevation and 
relief, spread coarse gravels along the water courses. 

The last orogenic disturbances were in the early Pliocene and were 
accompanied by renewed volcanic activity. Lava rose along faults and 
joints and poured out over the surface; tuffs and breccias were widely 
distributed over the intermontane valleys, followed by lavas, at first pre- 
dominantly rhyolitic, subsequently basaltic. As the igneous activity sub- 
sided and the forces of denudation continued to operate, land forms re- 
sulting from the orogeny were severely modified; fault scarps gave way 
to fault-line scarps, mountain fronts receded irregularly, and the piles | 
of volcanic debris were dissected into isolated remnants. Some warping | 
of the crust continued even after the last outbursts of lava. In the present i 
arid climate, most of Coahuila, Chihuahua, and Durango is characterized 
by interior drainage that has converted the valleys into broad, alluvium- 


filled, intermontane basirs. 
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INDIDURA LIMESTONE 


Thinly bedded, rubbly limestone of the middle member of the Indidura formation. Near 
head of Indidura Valley. 
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The area with which this paper is concerned is in the southwestern 
part of the state of Coahuila, Mexico (Fig. 1). It lies in the Mexican 
Plateau Division of the Basin and Range Province, and is characterized 
by dissected broad upland areas separated by plains of aggradation. 
The semi-arid climate has discouraged settlement and scientific investi- 
gation, and only a small part has been more than casually visited, 
although the area presents several highly interesting geological prob- 
lems. Within its borders are the vestiges of the Jurassic-Neocomian - 
landmass Llanoria, the position of which controlled sedimentation 
throughout the Cretaceous, and affected the structural trends of the 
mountains formed at the close of that period. The Paleozoic stratig- 
raphy of the area records marine sedimentation, and a possible glacial 
period, followed by deformation and intrusion. It throws additional 
light on the position of the ancient landmass and its bordering geosyn- 
cline. 

PREVIOUS REPORTS 

Most of the previous investigations of the area were confined to the 
Valle de las Delicias. The results of this work are contained in reports 
by Erich Haarmann, Emil Bose, and Robert E. King. Fossils collected 
by Haarmann were also reported upon by Wilhelm Haack. 

King made reconnaissance trips over a region larger than the area 
covered by this report, but apparently did not follow the border of the 
Sierra Santa Ana or the Sierra Acatita, for he does not record the 
presence of the volcanics and Upper Cretaceous sediments of the Tanque 
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Toribio district, or the Permian rocks exposed, with interruptions, from 
Cafion San Antonio to Las Uvas. The discovery of the Permian rocks 
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Ficura 1—Indez map of northern Mezico 


along the western slopes of the Sierra Acatita was made by Lewis B. 
Kellum during a reconnaissance trip in 1933. 
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TOPOGRAPHY AND PHYSIOGRAPHY 


The principal valleys in the area are the Valle de Acatita and the 
Valle de las Delicias, which is called the Valle del Sobaco on Abbot’s 
map (Fig. 2). The Valle de Acatita merges with the Laguna de Mayran, 
the name applied to both an ephemeral lake and the plain adjoining it. 


% 


SS 


Ficurs 2—Physiographic map of southwestern Coahuila 


It is probable, however, that a subsurface ridge south of Charcos de 
Risa, where Acatita valley is relatively narrow, separates it from the 
Laguna de Mayran. The Valle de las Delicias is entirely hemmed in 
by bedrock, except at the Puerto del Venado, a silt-drowned canyon 
which connects it with the Valle de la Buena Vista del Norte, an appar- 
ently lower valley to the northeast (Pl. 13). 

The mountains bordering the valleys are known under several names, 
many of them obviously local, as well as temporal, for the term “sierra” 
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is applied to an escarpment (Pl. 2, fig. 1), rather than to a definite 
ridge or other physiographic unit. Thus, the application of different 
names to the escarpments of a single topographic unit is common. In 
this report, the names used are those by which the “mountain fronts” 
are designated by the people living in the region today, even though they 
do not agree with the names on Abbot’s map (Fig. 2), as these, in turn, 
are not always the same as the names for identical features on other maps 
of Mexico. 

The mountains are plateau-like uplands (Pl. 2, fig. 2), which may be 
conveniently grouped into three unequal areas. The largest lies between 
the Valle de Acatita, on the west, and the Valle de las Delicias, on the 
east (Pl. 13). The Sierra del Venado, east of the Valle de las Delicias, 
is the second of the upland areas, and Sierra Candelaria, between a 
finger-like extension of the Laguna de Mayran and the southeastern 
end of the Valle de las Delicias, is the third, and smallest. 

The largest upland is almost separated into two smaller triangular 
areas at a point where re-entrants from the valleys of Acatita and Las 
Delicias approach each other. The northern part is delimited by the 
escarpments known as Sierra Acatita and Sierra de las Margaritas: the 
southern, by Sierra Santa Ana and Sierra del Sobaco. Within the area 
delimited by the escarpments are the plateau-like uplands (PI. 2, fig. 2). 
Ordinarily, relief is moderate, with broad valleys and gentle slopes, 
except in the vicinity of the scarp faces (Pl. 3, fig. 1) and deep valleys 
such as Cajion Blanco (PI. 3, fig. 2), where narrow and deep canyons are 
incised well below the level of the plateau. This northern upland includes 
the wide level plain known as the Valle de la Buena Vista. 

Significant physiographic details and their relations to lithology are 
described for each sierra. The descriptions begin with the west scarp 
of Sierra Acatita, north of Las Uvas, in the northwest part of the area 
(Pl. 13), and follow the escarpment counter-clockwise south and east 
around the borders of the valleys of Acatita, Mayran, Las Delicias, 
and Buena Vista del Norte. 

North of Las Uvas and south of Cafion Grande, the front of Sierra 
Acatita coincides with the westward-dipping beds of one of the major 
anticlinal uplifts. The mountain front in these places is less rugged 
than between Las Uvas and Cafion Grande, where erosion from the 
west has cut beyond the anticlinal axis and exposed beds dipping to 
the northeast. Differential erosion has formed precipitous slopes in 
the capping limestones of the Aurora formation, and a succession of 
many minor scarps and slopes in the upper beds of the Cuchillo. The 
limestone member at the base of the Cuchillo makes a prominent escarp- 
ment, particularly at the front of the many spurs and at the heads of 
the re-entrants formed by the intermittent streams (Pl. 7). Few of these 
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have cut back into the escarpment more than half a mile, and many of 
the canyons, such as Chupadera, are mere scars on the mountain front. 
The only notable exception is Cafon Grande, which has been eroded 
parallel to the axis of a cross-fold. At the base of the escarpment are 
hills of lower relief, which may represent a highly dissected pediment. 
Large alluvial fans mantle the lower slopes of the mountains, and grade 
into the flat plains of the basin, above which rise, here and there, outlying 
hills, such as those west of Cafion Grande. 

South of the gap in the mountain front known as Puerto de las Sar- 
dinas (Pl. 4, fig. 1) is Sierra Santa Ana, the direct continuation of the 
escarpment of Sierra Acatita. The rugged escarpment swings sharply 
southwestward, as indicated by the Cuchillo-Aurora contact, obliquely 
crosses two anticlinal axes, and continues as far as the vicinity of Caifion 
San Antonio. Southwest of this point, the mountain front gradually 
decreases in elevation as predominant westerly dips carry the mountain- 
making formation below the alluvium. Similarly, the southern front 
of the Sierra Santa Ana has little relief. The most conspicuous physio- 
graphic features in this part of the area are the lava-capped buttes, 
mesas, and cuestas (PI. 4, fig. 2) near Tanque Toribio, undoubtedly the 
remnants of the larger mass to the south, known as Sierra Santiago. 
Otherwise, with the exception of several anticlinal ridges which project 
beyond the general front, the monotonous appearance of the pitch slopes 
is broken only by narrow, flat-floored canyons, some of which probably 
penetrate far into the interior uplands, for sub-maturely dissected areas 
could be seen from the crest of the hogback east of Cafion Indidura. 

The east-west valley that separates the sharp hogback Cuchillo Masa- 
mitote (Pl. 11, fig. 3) from the southeastern end of the Sierra Santa Ana 
bends sharply northward, three miles from the mouth. From this point, 
it is flanked by mountains, which increase in height northward until, 
at the pass at Puerto de Ventanillas, there are, on the east side, the 
precipitous cliffs of Sierra Candelaria, and, on the west, the steep slopes 
and scarps of the southern end of the Sierra del Sobaco. 

The Sierra del Sobaco has an arcuate trend from Puerto de Ventanillas, 
along the base of the escarpment west of the hacienda Las Delicias, 
to the peak of El Fraile. It resembles the Sierra Acatita between Las 
Uvas and Cafion Grande, and, similarly, is bordered, for part of its 
length, by a pediment-like area. At El Fraile that part of the mountain 
front which coincides with the Cretaceous limestones, swings southwest- 
ward to the head of Cafion Malascachas, and then westward and north- 
westward to Puerto de las Sardinas. The northeastward-continuation 
of the Cretaceous escarpment beyond this point is known as Sierra de 
las Margaritas. It is serrated by headward erosion of intermittent 
streams from the west and north, which have destroyed the old plateau 
surface. At its southern tip, it is locally known as Los Dientes. The 
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Ficure 1. BeErween Coyore AND ACATITA RANCHES 
Looking east. The escarpment is the result of erosion of eastwardly dipping Cret strata. 
Granodiorite of pre-Cretaceous age is exposed on the lower slopes of the spurs. 


Figure 2. Summit oF SIERRA EAST OF COYOTE 
Looking north. Plateau-like upland characteristic of areas adjoining mountain escarpments. 


SIERRA ACATITA 
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Ficure 1. Heap or CaNon CHuPADERA 
Northeast of Coyote. View illustrates contrast between the escarpment and the plateau-like upland, 
and the relation of both to the gently folded Aurora limestone. 


Ficure 2. Cation Bianco 
North of Las Margaritas. View taken about 3 miles above mouth of canyon. Steeply dipping beds 
of the Cuchillo formation form the east limb of the Blanco anticline. The car gives scale. 


SIERRA ACATITA 
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escarpment is rugged for many miles but gradually loses altitude, about 
seven miles northeast of the abandoned hacienda of Las Margaritas, 
by receding in the direction of dip, and possesses relatively little relief 
at the northern end of the Valle de las Delicias. 

The area centering on La Difunta, and outlined by the Sierra del 
Sobaco, the Sierra de las Margaritas and a line from El Fraile to Cafion 
Blanco, may be a dissected mountain pediment, carved from Permian 
formations. Several monadnock-like ridges, such as Cerro Prieto Norte 
(Pl. 4, fig. 1), rise above the general rolling upland, in the wide valleys 
of which, sharp V-shaped arroyos have been trenched. Outliers, such 
as Los Piloncillos, which project above the alluvium that has buried 
the lower pediment surface, probably represent other monadnocks. 

The Sierra del Venado, on the opposite (east) side of the Valle de 
las Delicias, is in strong contrast with the Sierra del Sobaco. It is 
lower, and its western front is irregular. It is maturely dissected (Pl. 5, 
fig. 2), the alluvium in many places isolating portions of westwardly 
directed spurs. Prominent among these is the high outlier, about 414 
miles south of the western end of the Puerto del Venado. 

The name Sierra del Venado is also applied to the mountain front 
bordering the Valle Buena Vista del Norte, in the extreme northeast. 
The most prominent feature on the eastern side of this range is the 
anticlinal ridge called Cuchillo Caracol. The mountain mass south of 
the basin is known as Los Alamitos. 

Sierra Candelaria is a small, plateau-like upland, connected to Sierra 
del Venado by a lower, dissected upland. On the west, it is separated 
from Sierra del Sobaco by a north-south longitudinal valley, in a zone 
of intense folding (Pl. 5, fig. 1). The western slopes are steep. The 
northern slopes, where the Aurora limestone has been eroded, exposing 
the underlying weak rocks, are deeply dissected by many short-canyons. 
The eastern slopes are also steep, coinciding with the steeply dipping 
beds on the east flank of an anticlinal fold (Pl. 11, fig. 1). 


STRATIGRAPHY 
GENERAL CHARACTER AND AGE OF FORMATIONS 


The formations which are exposed in the Acatita-Las Delicias area 
include igneous, metamorphic, and sedimentary rocks, ranging in age 
from Permian to Tertiary. Plate 6 is a generalized columnar section, 
showing their thickness and relations. 

The Permian rocks are predominantly clastic, with subordinate lime- 
stone; some are markedly metamorphosed, in part due to intrusives 
exposed on the western slopes of Sierra Acatita near Coyote and on the 
eastern slopes of Sierra del Sobaco near Las Delicias. Hypabyssal rocks 
are represented by associated pegmatites and aplite. A diabase sill, 
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observed near La Difunta, may also be of Permian age. Great thick- 
nesses of extrusive material are found in the Malascachas-Difunta area. 

The Cretaceous system is represented dominantly by carbonate rocks, 
with important intercalations of gypsum beds in the lower half. The 
Upper Cretaceous is thin and contains the only notable shale members. 
It is found along the southern border of the Sierra Santa Ana, two to 
five miles north of Tanque Toribio. 

The Tertiary rocks are chiefly coarse, poorly sorted conglomerate and 
basic lavas. Exposures are confined to the southwestern part of the 


area. 
PERMIAN SEDIMENTS AND EXTRUSIVES 

General distribution—Permian sedimentary rocks, or their meta- 
morphic equivalents, are exposed in several districts. The largest is the 
district centering about La Difunta, west of the Valle de las Delicias. 
Four smaller districts border the Valle de Acatita, from the vicinity 
of Las Uvas, in the north, to Cafion San Antonio, in the south. 

The thickness of Permian sediments is difficult to determine, particu- 
larly in the relatively long narrow belt of exposures on the eastern 
side of the Valle de Acatita, from Las Uvas south to Cafion Grande. 
They are separated from the overlying Cretaceous by an angular uncon- 
formity (PI. 8, fig. 1). A monotonous repetition of steeply inclined, non- 
fossiliferous shales and other clastic rocks makes correlation difficult, 
and, because the axes of the highly compressed folds are almost per- 
pendicular to the trend of the mountains, no horizon can be followed 
for any distance before it disappears beneath the Cretaceous limestone 
(Pl. 8, fig. 1). The repetition of certain lithologic types may be due 
to faulting and folding, or to cyclical sedimentation. Although other 
possible interpretations would give vastly different figures, the thick- 
ness of these Permian formations is probably great, for steeply inclined 
strata, with a general northeasterly strike, are exposed, with some inter- 
ruptions, from a mile and a half north of Las Uvas southeastward to 
Cajion San Antonio, a distance of about 20 miles, perpendicular to the 
regional strike. King, with more detailed work, estimated a thickness 
of 10,844 feet for the La Difunta section.1 This estimate would be 
materially increased by the addition of those parts of the section bor- 
dering the Valle de Acatita that are not common to La Difunta. There 
seems little doubt that the system accumulated in a geosynclinal depres- 
sion, very probably the southern continuation of the Permian geosyncline 
of Texas.” 


La Difunta district—The district centering about La Difunta, in the 
northwest part of the Valle de las Delicias, contains the best exposures 


1R. E. King: The Permian of southwestern Coahuila, Am. Jour. Sci., 5th ser., vol. 27 (1934) p. 104. 
2 Op. cit., p. 108. 


BY 
j 


MOUNTAINS BORDERING ACATITA AND LAS DELICIAS VALLEYS 1017 


of the Permian beds. This district, mapped and described by King,’ 
was visited by the writer, for the information and light which it might 
throw upon the stratigraphy of the Permian areas bordering the Valle 
de Acatita. Plate 13 includes material from King’s map,‘ with modifica- 
tions, mainly in the boundaries of Cretaceous formations, to accord with 
the stratigraphic boundaries used on the remainder of the map. 


Las Uvas district —The Las Uvas section is dominantly brown weath- 
ered shale, with secondary fissility, which is marked wherever laminae, 
or intercalated thin quartzitic sandstones, are present. Interbedded with 
laminated shales and thin sandstone beds are thick non-laminated shales 
containing unsorted pebbles, cobbles, and boulders of various rock (PI. 9, 
fig. 1). Black, dense limestone containing scattered crinoid columnals 
and, less commonly, a bryozoan, Fistulipora sp., is characteristic. The 
larger limestone fragments might be thought to represent lenticular lime 
facies in the shale, but it would be impossible thus to account for asso- 
ciated large boulders of red granite, pegmatite, porphyry, and gneiss. 
Thin sections of pebbles show cataclastic pulverization, and a composi- 
tion differing radically from the granodiorite intrusive to the south. 
Moreover, the igneous types represented cannot be derived from that 
intrusive body, for, as already shown, the beds associated with these 
conglomerates are older than the granodiorite. The types of igneous 
material are unlike anything observed in place in the Acatita-Las 
Delicias area, and were probably derived from the borderland of the 
geosyncline in which the Las Uvas sediments were deposited. Somewhat 
similar beds are found in La Difunta district near Puerto de las Sar- 
dinas, and to explain these, King® suggests local uplift during the 
Permian. This would not account, however, for the lack of stratification 
in the shaly matrix, the apparent lack of sorting, and the presence of 
cobbles and boulders of granitic and gneissic material in Las Uvas 
district. The conglomerates are associated wtih a notable thickness 
of slate whose secondary cleavage shows indistinct laminae, but the 
banding is not like that of varved clays. The origin of these beds is 
still problematical; the readiest answer, that they may be tillites, would 
emphasize too greatly the lack of stratification, and imply supporting 
criteria that were not observed. Yet the occurrence of the unsorted 
conglomerates in beds of probable Permian age in an area which lies 
in latitude 2614 degrees north® gives them particular significance, in 
view of the widespread interest in former glacial periods. 


3 Op. cit., p. 83-99. 

“Op. cit., p. 100, fig. 2. 

5 Op. cit., p. 105. 

® Charles Schuchert and C. O. Dunbar: A textbook of geology, part 2, Historical geology, 3rd ed. 


(1933) p. 284. John Wiley and Sons, New York. 
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The correlation of the sedimentary series near Las Uvas depends 
largely upon lithological resemblances between its conglomeratic shales 
and somewhat similar beds near Puerto de las Sardinas, which King’ 
placed near the bottom of his section—that is, below his Perrinites beds. 
He correlates them with the Leonard formation of the Glass Mountains 
section. In Las Uvas district, the conglomeratic beds are, on structural 
evidence, older than the beds to the south. 


Acatita district—The Acatita district begins half a mile south of the 
Nueva Espafia mine and extends south to Cafon Grande. Highly meta- 
morphosed arenaceous rocks are common near the spring northeast of 
Acatita. Conspicuous types are dark-gray phyllites, possessing knotty 
structures that suggest the beginning of metacrysts. This type may be 
of volcanic origin. On the other hand, sericitic fine-grained siltstones, 
and quartzites with recrystallized sericitic groundmass, are more prob- 
ably of sedimentary origin. In the neighborhood of Cajfion Pesufia, red 
weathered quartzitic sandstones, which form many prominent peaks and 
hogbacks, are interbedded with massive, dense, dark-gray argillites, and 
seem clearly to be of sedimentary origin. 

South of Cafion Pesufia, and in the neighborhood of Cafion Grande, 
the proportion of coarse clastic material decreases. Slates and shales 
predominate over sandstones and conglomerates. In thin section the 
coarser laminae of the slates appear to be made up almost entirely of 
small crinoid columnals. 

A partial section, measured on the north flank of Cafion Grande, is 
given below. The beds are steeply inclined, but their tops are to the 
east and are overlain by the light-gray limestones of the Cretaceous. 


Section of Permian System in Cafion Grande Upper Beds 


Thickness 

in feet 

Alternating beds of sandstone and dense gray-green shale................... 22 

Partly laminated, dense hard gray siliceous shale, breaking into rhombic and 

Concealed in part: possibly conglomerate like that below................... 40 


Conglomerate, consisting of black limestone and chert fragments of irregular 
sizes imbedded in shale matrix. Large crinoid columnals and specimens 


of Fusulinidae are common in the limestone pebbles................... 35 
Conglomerate, black limestone fragments in shale matrix, like that of the 


7R. E. King: op. cit., p. 102, 104. 
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Ficure 1. Puerto DE Las SARDINAS 
Looking northeast from point one mile south of Parritas road fork. Escarpment on the left represents 
the southern termination of Sierra Santa Ana. This is the lowest gap along the mountain front, 
providing only direct route between Acatita and Las Delicias valleys. The peak projecting above 
the center of the gap is Cerro Prieto Norte, 4 miles beyond the gap. 


Figure 2. Cuesta DEL ToriBio 
View looking northeast. Scarps expose several basaltic lava flows. 


~ SIERRA SANTA ANA 
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Figure 1. UNSYMMETRICAL SYNCLINE 
Two miles southeast of Puerto de Ventanillas. Beds are massive limestone, occurring at the top of 
the lower Cretaceous section. View looking north. 


Ficure 2. MATURELY DISSECTED UPLAND OF SIERRA DEL VENADO 
View looking southeast from west face of peak, about 11 miles northeast of Las Margaritas. 


SIERRA CANDELARIA AND SIERRA DEL VENADO 
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The appearance of conglomeratic shales in this section suggests cor- 
relation with similar types of beds in the sections of La Difunta area 
near Puerto de las Sardinas. This would not be at variance with struc- 
tural evidence, as the projection of the easterly dipping beds near Puerto 
de las Sardinas, in the direction of their strike, would bring them close 
to the head of Cajion Grande, or beneath the ridge between that canyon 
and El Tordillo, near which collections of Permian ammonites were 
made. The correlation of the Cafion Grande and Las Uvas sections 
depends primarily on the justification for correlating Las Uvas and 
Puerto de las Sardinas sections. As the Permian structure between 
Las Uvas and Cajion Grande is anticlinal, the evidence, though meager, 
is at least not contradictory. The oldest beds in the area would, there- 
fore, be those in the vicinity of the Nueva Espajia mine. 


Parritas-San Antonio districts—The limited exposures in Cafion 
Parritas are non-fossiliferous gray-green shales and impure, but hard, 
quartzitic sandstone. Lithologically, the beds resemble that part of 
the Permian section exposed just east of Puerto de las Sardinas, with 
which they may be continuous beneath the extension of the intervening 
ridge. 

The Paleozoic rocks near Cafion San Antonio are exposed over a small 
area, from which the overlying Cretaceous rocks have been only par- 
tially stripped. They resemble the argillite and included quartzitic 
sandstone near Cajion Pesuiia, to the north. 


PERMIAN INTRUSIVES 


General description—Igneous rocks crop out in two areas. One, at 
the base of the Sierra del Sobaco, extends for a distance of about six 
miles, from Cajion del Diablo to Cafion Rosillo. It has been examined 
by Bése * and by King,® whose views concerning the age of the intrusive 
differ radically. Bdse believes that it may be pre-Permian and King 
considers it post-Permian. 

The second intrusive is exposed along the front of the Sierra Acatita 
for a distance of 64 miles, from a point below Picacho Coyote to the 
immediate vicinity of the Nueva Espafia mine (Pl. 8, fig. 2). This 
intrusive is certainly younger than the series assigned to the Permian, 
and older than the Cretaceous. The age relationships here tend to 
support King’s views. No data regarding the true areal dimensions 
of the intrusive could be obtained, however, for, due to the overlap 
of the Cretaceous, observations could be carried on only in a northwest- 
southeast direction. Between the two intrusives is a major synclinal 


8 Emil Bése: On the Permian of Coahuila, northern Merico, Am. Jour. Sci., 5th ser., vol. 1 (1921) 
p. 193. 
®R. E. King: op. cit., p. 108-109. 
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structure, bounded by two monoclines, the Difunta, easterly dipping, and 
the Malascachas, northwesterly dipping.’® 

Thin sections, made of the intrusive rocks collected near Coyote ranch, 
were submitted to A. F. Buddington for determination. He found that 
the rock most commonly exposed is a biotitic hornblende granodiorite, 
consisting of andesine, quartz, orthoclase, hornblende, and biotite, with 
accessory magnetite and apatite. The orthoclase, and part of the quartz, 
is interstitial to plagioclase, which is euhedral to subhedral and in part 
shows zoning. There is a little secondary chlorite. A facies of the 
granodiorite, collected two miles north of Coyote ranch, contains a high 
proportion of mafic minerals. Other facies include numerous pegmatite 
and aplite dikes, particularly in the contact zone. The determinations 
of the principal type of rock differ from those made by Bése and by King 
for the intrusive near Las Delicias. Bése* called that intrusive a 
syenite, and King called it a coarse-grained holocrystalline hornblende 
granite. He also notes “a small amount of fine-grained diorite.” }* 
Megascopic examination of samples collected near Las Delicias sug- 
gests that the intrusive is a granodiorite, but King’s determination is 
accepted, on the supposition that his identification was based on 
microscopic examination. 

The contact phenomena of the Coyote granodiorite were studied in 
some detail. The northern contact, well shown on the north flank of 
the hill below Picacho Coyote, is sinuous and involves shale, slate, and 
sandstone of the southern end of Las Uvas exposures. A section made 
across the contact is given below. The petrographic determinations 
are by Buddington. 


1. Biotitic hornblende granodiorite with somewhat less quartz and much finer grain 

than the common type. Specimen obtained two feet from— 

2. Welded contact 

3. Metamorphosed sediment. Quartz in sericite paste, with secondary disseminated 

recrystallized brown biotite flakes. An intrusive vein of granodiorite with 
assimilated material also present. Specimen obtained two feet below contact. 

4. Siliceous hornstone. Metamorphosed sediment; bedded structure. Quartz in 

sericite matrix, with a few disseminated recrystallized biotite flakes. A little 
chloritic material, with associated iron ores, in process of being recrystallized 
into biotite. Specimen two feet beyond 3. 

5. Quartzite. Metamorphosed sandstone with biotite, muscovite, and plagioclase. 
Plagioclase is secondary and due to metamorphism. Specimen obtained twenty 
feet beyond 4. 

. Hornfels. Contact metamorphic sediment. Quartz and biotite with much plagio- 
clase poikilitic with abundant minute inclusions of biotite and sericite, and 
numerous muscovite metacrysts. Specimen obtained a thousand feet beyond 
contact. 


fos} 


10 Op. cit., p. 109-111. 
11 Emil Bose: op. cit., p. 193. 
2R. E. King: op. cit., p. 108. 
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Little mineralization occurs here, in contrast to that displayed in the 
vicinity of the Nueva Espafia mine. 

The southern contact is half a mile south of the Nueva Espaifia mine. 
It is a welded contact, there being gradational phases somewhat similar 
to those observed at the northern contact. The mineralization occurs 
in veins cutting the granodiorite mass, and intimately associated with 
later dike systems, which trend northwest-southeast and northeast- 
southwest. 

The ore consists of the weathered products of iron and copper sulphides 
in quartz. No free gold was seen, although the mine is stated to have 
been operated for its gold content. 

A second mineralized area occurs in the lower part of Cafion San 
Antonio. A shaft had been sunk here, but no definite data could be 
obtained as to the amount or character of the material taken out. 

The occurrence of hypabyssal rocks, other than pegmatite and aplite 
dikes, is known from the presence of a diabase sill west of La Difunta. 
Petrographic examination of a sample shows no flow structure. The 
texture is intersertal, the predominant ferromagnesian mineral being 
pyroxene with a little olivine, with much interstitial brown glass. The 
amount which should be subtracted, on account of this sill, from the 
figures given by King ** for the thickness of the Permian of La Difunta 
section is unknown. 

The rock is remarkably fresh, and might be of Tertiary age, although 
no hypabyssal rocks of this age were observed cutting the Cretaceous 
formations. Its freshness may be accounted for by the removal of the 
overlying regolith during the recent cycle of erosion, and it is probably 
a differentiate from either the Coyote or Las Delicias intrusive body. 


Age.—The igneous rocks and the overlying Cretaceous strata are defi- 
nitely unconformable. The actual contact cannot be seen because of 
a mantle of red gritty material below the limestones of the lower 
Cuchillo. In the vicinity of the Nueva Espafia mine, exposures of 
granodiorite may be seen within 20 feet of the overlying Cretaceous 
limestone (PI. 8, fig. 2). The latter shows no signs of metamorphism, 
in contrast to the exomorphism of the Permian beds in contact with the 
granodiorite. 

Though the writer does not doubt the post-Permian age of the two 
main intrusive bodies, he believes that they greatly antedate the Cre- 
taceous, for the reddish weathered material between the granodiorite 
and the limestone of the lower Cuchillo is regarded as re-worked residual 
soil. If this view is correct, the period of intrusion followed shortly 


13 Op. cit., p. 103, 104. 
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after the period of folding and was a part of the orogeny of the latter 
part of the Paleozoic. 
CRETACEOUS SEDIMENTS 

General distribution Cretaceous rocks are widely exposed, and it is 
believed that they underlie most of the alluvium in the great valleys 
of Acatita and Las Delicias. Most of the outcrops are of Lower Cre- 
taceous age, although moderately extensive remnants of Upper Creta- 
ceous are preserved in the synclinal area northeast of Tanque Toribio. 
Several stratigraphic sections of both the Lower and Upper Cretaceous 
and the overlying Tertiary rocks were measured, and are illustrated in 
Plate 7. 

The Cretaceous section is divided into three formations, the Cuchillo, 
the Aurora, and the Indidura. The Cuchillo is readily divisible into a 
lower division of persistent limestone and an upper division of inter- 
bedded limestone, dolomite, and gypsum. 


Lower Cuchiilo formation.—The lower Cuchillo crops out at the foot 
of the mountains, forming sharp bluffs, and forms a zig-zag line up and 
down the canyons, with the dip of the beds (PI. 8, fig. 2). It is exposed 
in a continuous belt, from a point two miles north of Las Uvas to the 
southern edge of Cafion Grande. Three other outcrop areas border the 
Valle de Acatita, one immediately west of Puerto de las Sardinas, another 
from Cajion Parritas to Cafion Nino, and a third in Cafion San Antonio 
and Cajion del Diablo Indio. The general pitch of the structures of 
these mountains carries the lower Cuchillo below the alluvium south 
of Cajion del Diablo Indio. The lower Cuchillo also crops out on the 
west side of the Valle de las Delicias, in an almost continuous belt 
along the front of the Sierra del Diablo and the Sierra de las Margaritas, 
from the south side of the mouth of Cafion del Diablo to the west side 
of the mouth of Cafion Blanco. East of the Valle de las Delicias is a 
small outcrop area of the lower Cuchillo on the south side of Puerto 
del Venado, where that pass intersects the Caracol anticline. 

The lowermost beds of the Cuchillo are, in general, mantled by talus, 
although in many exposures all except the lowest beds (Pl. 8, fig. 1), 
and in a few, the actual contact with the underlying Permian, can be 
seen. Thus, on the north flank of Cafion Grande, one of the steeply 
dipping, dark-gray limestone conglomerate members of the Permian is 
in sharp contact with the more gently dipping lower Cuchillo light-gray 
limestone. There are no transition beds, for only the lower two feet 
of the Cuchillo contain isolated fragments of underlying limestone. Gen- 
erally, there is a series of grits and argillaceous limestones between 
the older basement rock and the typical limestone facies of the lower 
Cuchillo. Sections of such transition beds were measured near Las Uvas 
and Puerto de las Sardinas. Following is the Las Uvas section: 
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ERA 
COLUMNAR 


SECTION 


FORMATION 


DESCRIPTION 


THICKNESS 


MASSIVE DENSE OLIVINE BASALT FLOWS. THE FLOWS CAP MANY BUTTES IN THE SOUTH- 
WESTERN PART OF THE ACATITA AREA 


ENOZOIC 


MASSIVE, POORLY SORTED CONGLOMERATE, COMPOSED OF LIMESTONE AND CHERT 
PEBBLES, COBBLES, AND BOULDERS, DERIVED FROM THE UNDERLYING FORMATIONS. 


foot 


PLATY ANO RUBBLY LIMESTONES AND CALCAREOUS SHALES, OVERLAIN AND UNDER- 
LAIN BY BUFF GYPSIFEROUS SHALES WITH. INDISTINCT BEDDING. ECHINOID AND 
MOLLUSCAN FAUNAS IN MIDDLE MEMBER. 


FEET | FEET 


oot 


MASSIVE, DENSE GRAY LIMESTONE, WEATHERING LIGHT GRAY,AND CAVERNOUS 


NEAR OUTCROP, THE MASSIVE AND THICK BEOS FORM PROMINENT ESCARPMEN 


iTS 
ALONG THE MOUNTAIN FRONT, AND WHERE CUT BY STREAM ACTION, PRODUCE NARROW 


Pi 
CONTAINS FEW FOSSILS) THE UPPERMOST BEDS ARE CHARACTERIZED BY A RUD- 


ISTID FAUNA. THE BOUNDARY WITH THE CUCHILLO IS APPARENTLY CONFORMABLE. 


IT VARIES WHEN TRACEO LATERALLY, THE CUCHILLO BEING THE SYPSIFEROUS 


AURORA 


FACIES OF THE LOWER AURORA. 


ALBIAN 


FEET 


MESOZOIC 


1? 


CUCHILLO 
UPPER 


APTIAN 


q 


DOLOMITIC LIMESTONE MEMBERS INTERBEDDED WITH SACCHAROIDAL DOLOMITE, 
BEDS OF GYPSUM, AND SHALE PARTINGS. OCCASIONAL THICK MEMBERS OF LIME- 
STONE, UP TO 106 FEET IN THICKNESS, SEPARATE THE FORMATION yl hog “A 
SECTIONS, AND FORM CLIFF IN THE OTHERWISE UNIFORM SLOPES BEL HE 
AURORA LIMESTONE. CHERT NODULES AND LENTILS, OCCASIONALLY PERSISTENT 
CHERT LAYERS, ARE CHARACTERISTIC, AS ARE STYLOLITIC STRUCTURES. THE 
WEATHERED FORMATION |S A PALE BUFF POROUS MATERIAL OF CHALKY TEXT- 


WHICH IT DOES NOT POSSESS. FOSSILS, EXCEPT SPECIES OF GRYPHEA, RARE 
AND CONFINED TO LIMESTONE MEMBERS. 
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MASSIVE LIMESTONE FORMING PROMINENT CLIFF AT BASE OF THE MOUNTAINS. THE 
| LOWEST BEOS VARY FROM GRITS AND SHALES WITH RED AND BUFF COLORS, DE- 
S| PENDING ON THE CHARACTER OF THE BASEMENT ROCK. TRANSITION RUBBLY LIME- 
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Section of basal beds of Lower Cuchillo at Las Uvas 


Overlying formation—massive gray limestone 


Feet 
Rubbly argillaceous limestone with numerous valves of Ostrea (?) sp........... 3 
Limestone with bedding planes about every foot..... 14 


Argillaceous limestone with many gastropoda including Lunatia (?) pedernalis 


Massive, dense-gray limestone with few 16 
Argillaceous limestone with numerous valves of Ostrea (?) sp...............5.- 9 
Rubbly limestone with many specimens of Lunatia (?) pedernalis H., and 

Arctica mediale (C.), Trigonia stolleyi H., also Douvilleiceras sp............ 6 
Rubbly, brown weathered arenaceous 6 


The Puerto de las Sardinas section is as follows: 


Section of basal beds of Lower Cuchillo, measured 300 yards east of the presa at 
Puerto de las Sardinas 


Overlying formation—massive, gray limestones with Dufrenoya cf. jusiinae 
(Hill) in lower beds 


Feet 
Buff, gritty shale with Trigonia like T. 2 


Indurated, massive beds of conglomerate, pebbly sandstone, and grit, the latter 
cross-bedded, with east-facing cross-beds. The pebbles of the conglom- 
erate are rounded and well sorted, few being more than two inches in 

Poorly exposed. Includes a buff shale near top, and a vivid red shale near base 11.5 

Moderately indurated, massive red-stained conglomerate with angular, sub- 
angular, and rounded pebbles, consisting of quartzite, schist, granite, 


Soft, mottled gray and purplish red sandstone...................0ceeeeeeeeee 75 


Highly indurated siliceous shales of Permian 


The section in Cafion Grande probably represents an area which had 
high relief in the lower Cuchillo stage, and was among the last to be 
overlapped by the advancing Cretaceous sea. The transition zones in 
the other sections partly represent the reworking of the residual soils 
by the advancing sea, and in part the composition of the neighboring 
terrane. The coarse detritals near the base of the Puerto de las Sardinas 
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section may have been locally derived from the west, as indicated by the 
dip of the cross-bedding, the source of the material being high ridges 
such as those now exhumed east of Acatita ranch and in Cafion Grande. 

Two fossiliferous zones were noted in the lower Cuchillo. One is near 
the base of the formation and is composed almost entirely of gastropoda 
and pelecypoda. Representative collections of this lower fauna near 
Las Uvas, Coyote, and Puerto de las Sardinas, and small collections 
from several other localities, were made. The fossils ordinarily occur 
as molds, making specific identification difficult or indeterminable. Pro- 
visional identification by Maxine Gilbert, a student at Michigan State 
College, of fossils from several localities is: 


Arctica mediale (Conrad) Anchura (?) sp. 

Arctica sp. Lunatia (?) pedernalis Hill 
Cardium sp. Nerinea sp. 

Pholadomya knowltoni Hill Volutilithes austensis Whitney 
Pholadomya sancti-sabrae Roemer Volutoderma sp. 

Pleuromya (?) henselli Hill Douvilleiceras sp. 

Trigonia stolleyi Hill Dufrenoya cf. justinae (Hill) 


This fauna compares closely with Hill’s Glen Rose.** 

The higher fauna is made up entirely of a micro-fossil, identified by 
Kellum as Orbitolina terana (Roemer). This species was collected west 
of Puerto de las Sardinas, about 200 feet above the base of the forma- 
tion. Orbitolina terana is also reported by Bése*® and King,’* from 
the lower limestones outcropping along the Sierra del Sobaco. 


Upper Cuchillo formation—The upper Cuchillo is about 1500 feet 
thick. Its lower boundary is drawn at the base of the first gypsum bed 
and may be recognized even at a great distance, for agents of erosion 
attack the gypsum bed and strip it and the overlying beds back from 
the lower Cuchillo. The best sections are along the front of the escarp- 
ments and the flanks of canyons. Most of the strata are concealed by 
wash from the beds above, but some recent slumps expose many details 
of parts of the section (PI. 9, figs. 2 and 3). Several sections were 
measured along the front of the Sierra Acatita and one on the west flank 
of Sierra Candelaria (Pl. 7). Exposure of beds of the upper Cuchillo 
is continuous from the northern part of the area to a canyon about 
two miles south of Picacho Muchacho, a prominent peak of the south- 
western part of Sierra Santa Ana. The only exposure along the southern 
border of the Sierra Santa Ana is on the east side of a canyon, 15 miles 


%4 Robert T. Hill: Paleontology of the Cretaceous formations of Texas; the invertebrate pale- 
ontology of the Trinity division, Biol. Soc. Wash., Pr., vol. 8 (1893) p. 13-15. 

15 Emil Bése: On the Permian of Coahuila, northern Mezico, Am. Jour. Sci., 5th ser., vol. 1 (1921) 
p. 191. 

%R. E. King: The Permian of southwestern Coahuila, Am. Jour. Sci., 5th ser., vol. 27 (1934) 
p. 109. 
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east of Tanque Toribio. The upper Cuchillo beds are there exposed 
along the crest of an anticlinal uplift, on the west face and on the north 
face of Sierra Candelaria. Almost continuous exposures extend along 
the front of Sierra del Sobaco, from the vicinity of Cafion del Diablo 
to Puerto de las Sardinas. From that point, the exposures continue 
northeastward along the front of Sierra de las Margaritas, to the northern 
end of the Valle de las Delicias, thence south along the front of Sierra 
del Venado to the south end of the valley. Judged from exposures in 
the many outliers, the upper Cuchillo also underlies most of the Valle 
de las Delicias. Other exposures are found along the flanks of the wide 
and deep transverse Puerto del Venado valley, and on Cuchillo Caracol, 
north of the Valle de la Buena Vista del Norte. 

In its typical facies the upper Cuchillo is composed of alternating 
beds of limestone, dolomite, gypsum, chert nodules and lenses, and sub- 
ordinate clastic material. The individual beds are of irregular thickness, 
of variable composition and texture, and may, or may not, be charac- 
terized by brecciation, stylolites, and vugs. Thick-bedded, dense, gray 
limestone members, many showing stylolites, are important units, and 
form prominent escarpments like that made by the lower Cuchillo. 
Unlike the lower member, however, they are not persistent, so that thick 
members observed in one stratigraphic section (Pl. 7, column C) may 
not be present, or they may be represented by attenuated beds, in a 
section a few miles away (Pl. 7, column D). The thin members of 
limestone are subject to more variations than are the beds of the thick 
members. Cavities, with an average diameter of two inches, containing 
white powdery residues, or crystals of white celestite, are common. In 
other characteristics the thin members resemble the dolomite beds. Qual- 
itative laboratory tests indicate a noticeable content of magnesia; they 
were probably deposited under conditions approximating those necessary 
for the deposition of dolomite. In both the thin-bedded limestones and 
the dolomites, high porosity and a brown color, due to petroliferous 
residues, are common. Lenticular nodules, and some persistent attenu- 
ated layers of irregularly banded chert, are interbedded with, or replace, 
the carbonate rocks. A few traces of silicified fossils can be identified 
in the chert. 

The most characteristic, if not the most common, type of rock of the 
upper Cuchillo is the gypsum. Most of the beds are a few inches to two 
feet thick, although beds ten feet thick are not uncommon. Some of the 
gypsum is pure, but other beds are brecciated, and have a dolomitic 
cement. The gypsum beds weather readily and give rise to many slumps, 
which involve large parts of the overlying section, so that a thin mantle 
of angular fragments of limestone, dolomite, and gypsum, imperfectly 
cemented by a light-buff, calcareous and gypsiferous clay, conceals large 
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parts of the section on the slopes of canyons and other escarpments. 

This mantle contains large cavities, caused by further weathering, mak- 

ing the ground treacherous. A typical section of the gypsiferous facies 

of the upper Cuchillo is as follows: 

Partial section of upper Cuchillo beds on the east side of Canon Blanco, 3% miles 
from its mouth 


Overlying beds—calcareous—gypsiferous clay containing angular fragments of lime- 
stone, dolomite, and gypsum 


Feet Inches 
3. Light-buff, dense limestone with streaks of gypsum in upper four-inch 
4. Gypsum breccia, with cement of dark dolomite..................... 3 6 
6. Cherty dolomite with layer of intraformational conglomerate....... 0 4 
8. Pink, dense dolomite with scattered small cavities.................. 0 10 
9. Gypsum breccia, with thin cement of dolomite..................... 6 10 
11. Gypsum with angular sand and pebbles of dolomite in lower ten inches 4 9 
12. Dark-buff dolomitic limestone with fetid odor...................... ee 
13. Dark-brown saccharoidal os 
15. Limestone with bedding planes about 16 inches apart............... 2. 8 
16. Shale parting, then saccharoidal dolomite, a red shaly dolomite, and 
sandy brown dolomite with irregular lower boundary............. 0 8 
17. Impure gypsum, with fragments of brown dolomite................. 0 10 
18. Massive, porous, brown dolomitic limestone, with included fragments 
19. Dark-gray, thin-bedded limestone....................00ceeeeeeeuees 0 9 
21. Brown, saccharoidal dolomite with gypsum fragments near base...... i | 
23. Gypsum breccia with cement of dolomite grading downward into 
dolomite with fragments of 6 
26. Massive, dark-brown, saccharoidal dolomite with fetid odor......... : er 
27. Laminated dolomitic 3 il 
28. Gypsum breccia with cement of dolomite at top; pure in lower 
Concealed 


This section implies frequently alternating conditions, which favored 
deposition of carbonate at one time and of gypsum at another. The 
absence of appreciable quantities of insoluble clastic material implies 
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a basin removed or protected from stream-borne sediment; the upper 
Cuchillo formation was probably deposited in sheltered lagoons. The 
few thick members of limestone observed elsewhere may be bioherms, 
formed during intervals when the seas locally possessed a normal salinity. 

The fauna of the upper Cuchillo is represented by few species. Occa- 
sional beds contain numerous shells of Gryphea sp. Some indeterminate 
steinkerns of gastropoda were found on the west flank of Sierra Can- 
delaria, and a large colonial coral, referred to the genus Isastrea, was 
collected from an outlier of the Sierra del Venado. 

The correlation of the lower portion of the Cretaceous section of the 
Acatita-Las Delicias area with the Cuchillo formation of the Rio Conchos 
section, of Burrows, is based partly on lithologic similarities, and partly 
on its relation to the overlying Aurora limestone. Paleontological sup- 
port for this correlation is given by the presence of Dufrenoya, Douvil- 
leiceras, and Orbitolina in the Cuchillo of both regions. The two latter 
genera are regarded as representative of lower Albian by Adkins,!”? and 
so, if the species, as well as the genera, of both regions are common, 
the Aptian would be represented only by the lowest part of the Cretaceous 
section in the Acatita-Las Delicias area. As more than provisional iden- 
tifications have not yet been made, and the ammonites Dufrenoya and 
Douvilleiceras seem to come from about the same horizon, the author 
hesitates to imply strict correlation, and so suggests that the boundary 
between the Aptian and the Albian lies somewhere in the upper Cuchillo 
(Pl. 6). 

Aurora limestone.—The name Aurora is given to the massive limestone 
beds that overlie the Cuchillo. In appearance, texture, and composition 
the Aurora resembles the thicker members of limestone in the Cuchillo. 
The outstanding characteristic of the Aurora limestone is its uniformity 
throughout a relatively great thickness, and the very subordinate amount 
of dolomite and gypsum. The beds are resistant to weathering and 
crop out along the crests of the scarps bordering the valleys of Acatita 
and Las Delicias (Pl. 3, fig. 1), where they present a sharp contrast 
to the slopes formed by the weathering of the Cuchillo. The upland areas 
between the escarpments are usually underlain by the same formation. 

The entire thickness of the formation is not exposed in any one section, 
with the possible exception of the sequence below Picacho Muchacho. 
The thickness determined from the partial section south of Cafion Chupa- 
dera (Pl. 7, column C) is in excess of 900 feet. Estimates of the thickness 
in Cafion Blanco and across Sierra Candelaria exceed 1000 feet. The 
lower boundary is not sharply defined, and is arbitrarily set at the top 


1? Walter S. Adkins: The Mesozoic systems in Tezas, in The geology of Texas, vol. 1, Stratigraphy, 
Univ. Texas, Bull. 3232 (1932) p. 291. 
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of the typical gypsiferous facies of the Cuchillo. Isolated beds of gypsum, 
interbedded with massive limestone, are found in the Aurora, and it is 
believed that the lower boundary varies vertically along the strike, thus 
making the Aurora, in part at least, the limestone facies of the Cuchillo. 

Fossils are rare through the lower four-fifths of the formation. In the 
beds exposed near the top of Cafion Indidura and in other outcrops in 
that neighborhood, Rudistacea were collected within 50 feet of the base 
of the Indidura formation. A small coilection of mollusca was also made 
in limestone outcropping west of Cafion Blanco. This latter fauna in- 
cluded imperfectly preserved specimens of Pectinidae belonging to the 
general group of Pecten texanus Roemer. 

The formation is correlated with the Aurora of the Rio Conchos section 
of Burrows, because of the similarity of relationship of the massive lime- 
stone of both regions to underlying gypsiferous beds, and to overlying 
strata of Cenomanian-Turonian age. Burckhardt,’* who studied Bur- 
rows’ section, states that there is little doubt that the Aurora is of Middle 
Cretaceous age—that is, Albian or pre-Cenomanian. The Aurora of the 
Acatita-Las Delicias area is also of Albian age, for it underlies beds of 
the Indidura formation which contain a fauna of Cenomanian-Turonian 
age. 

Indidura formation.—The Indidura formation receives its name from 
the exposure on the eastern slopes of Cerro Indidura, a prominent butte, 
five miles north of Tanque Toribio. The lower boundary is placed at the 
contact of the dense gray limestone of the Aurora, with imperfectly con- 
solidated buff shales containing many crystals of selenite. A thin transi- 
tional zone of intercalated platy limestone and shale is included with the 
Indidura. The upper boundary of the formation has not been observed, 
for talus, derived from the conglomerates capping Cerro Indidura, con- 
ceals the upper beds in all the localities visited. The highest beds observed 
are imperfectly stratified buff shales (Pl. 10, fig. 1) containing numerous 
veinlets of selenite. From the mode of weathering, it is believed that 
these shales are in direct contact with the conglomerate. 

Exposures were not observed outside the area north of Tanque Toribio, 
where they owe their preservation to the marked synclinal sag west of 
the southern continuation of Parritas anticline (Pl. 11, fig. 2). The pres- 
ence of the Indidura as a northeast-southwest belt to the northwest of 
Tanque Toribio has not been verified, but is indicated on the map because 
the overlying conglomerate was observed in that locality. Its absence 
would imply an unconformity. It is also possible that the Indidura is the 
capping formation of Picacho Muchacho. 


18 Carlos Burckhardt: Etude synthétique sur le Mésozoique mezicain, Soc. Paléont. Suisse, Mém., 
vol. 50 (1931) p. 147. 
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Ficure 1. ANGULAR UNCONFORMITY AT BASE OF LOWER CRETACEOUS 
Strike of the steeply dipping Paleozoic beds is strongly oblique to the strike of the Cretaceous. 
About 2 miles northeast of Acatita ranch. 


Ficure 2. Lower CRETACEOUS SECTION 
Lower Cuchillo limestone member forms the lowest scarp and overlies granodiorite. Light-colored 
beds include gypsiferous series of the upper Cuchillo; massive beds below the crest belong to the 
Aurora. The upper Cuchillo is repeated in the left foreground by a normal fault. Near the Nueva 
Espafia mine, southeast of Coyote. Horizontal distance from base of lower Cuchillo to crest of 
escarpment about one mile. 
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The formation is about 100 feet thick and is divisible into three parts 
(Pl. 6; Pl. 7, column E). The lower and upper divisions include the 
shale beds already mentioned. The middle division consists of inter- 
bedded rubbly, gray, pink, and red argillaceous limestones, platy lime- 
stones, and calcareous shales (PI. 1). 

Some fossils were collected from the lower division, but they are more 
numerous in the middle division, where there are several fossiliferous 
horizons. Echinoidea, pelecypoda, and cephalopoda are the best repre- 
sented classes. The faunas have been studied by T. S. Jones, a former 
graduate student in the Department of Geology of the University of 
Michigan, who reports them as of transitional character and of Ceno- 
manian-Turonian age. 

TERTIARY SEDIMENTS 


Conglomerates that have been doubtfully referred to the Tertiary are 
present near Tanque Toribio, capping Cerro Indidura and other buttes, 
several low spurs, and on the lower slopes of Cuesta del Toribio, and 
neighboring mesas or buttes capped by lavas. 

The thickness of the conglomerate is difficult to determine, as good 
exposures are rare. The best section observed was below the top of a 
cuesta, about a mile northwest of Cerro Indidura. The conglomerate 
is at least 150 feet thick. It consists of poorly sorted pebbles, cobbles, 
and boulders, which range in diameter from one-fourth inch to four feet 
(Pl. 10, fig. 2). The conglomerate is composed mainly of well-rounded 
fragments of chert and limestone, derived, apparently, from some of the 
Cretaceous formations. Some of the larger boulders, however, are them- 
selves conglomeratic, and imply that the first beds deposited were later 
subjected to erosion. 

TERTIARY VOLCANICS 

Voleanics were discovered in the southwestern part of the area. * Most 
of the outcrops are near Tanque Toribio, on the crests and flanks of iso- 
lated hills, of which the largest is Cuesta del Toribio (Pl. 4, fig.2). A few 
lava-capped hills also lie within a re-entrant of the mountain front south 
of Picacho Muchacho. The entire group of exposures were once part of 
a large volcanic mass, of which the largest remnant is the Sierra Santiago, 
to the south. 

The most common volcanics are dense basic lava flows. Petrographic 
determinations indicate that these extrusions are olivine basalts with 
accessory magnetite, the magnetite being primary. The weathered sur- 
face is brown, many portions of it glisten, and it is pitted wherever the 
olivine phenocrysts occur. 

The basalts overlie the Tertiary conglomerate. This relationship was 
observed below the summit of a mesa east of Tanque Roto, where several 
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test pits had been dug in the material underlying the hard basalt capping 
the mesa. The composite section, determined from outcrops and test pits, 
is as follows: 


Thickness 
in feet 
Upper part of section: 

Vesicular brown lava with cavities lined with chalcedony............. 10.5 
Crumbly, coarse-grained volcanic tuff, with many cavities. Probably 

soil derived from the weathering of layer below.................... 110 
Tuff, containing fragments of brown lava.....................0.008: 6.0 


Conglomerate composed of pebbles of chert, dolomite, dense lime- 
stone, chalky limestone, and basalt (order of abundance, as given). .unknown 


The fragments of basalt in the lower gravels indicate earlier volcanic 
activity elsewhere. It is not known if the weathering that characterizes 
the conglomerate and overlying tuff is related to the present slopes and 
is only coextensive with areas from which the dense basalt cap has been 
removed, or if it is related to a soil surface which developed prior to the 
extrusion of the basalt. 


STRUCTURAL GEOLOGY 
PERMIAN STRUCTURES 


The major structure of the Permian rocks in the Malascachas-Difunta 
area, according to King,® is a broad syncline with a general northeast 
trend, paralleled, to the southeast, by an anticline, into which granite 
was intruded. The structure of the small inlier in Cafion Parritas, and 
of the Permian rocks exposed along the base of the Sierra Acatita, tends 
to confirm King’s views, for anticlinal structure, with a trend to the east, 
occurs here. The intrusive granodiorite exposed north of the Nueva 
Espafia Mine is believed to coincide approximately with the axis of 
uplift. 

The evidence for the anticlinal structure along the base of the Sierra 
Acatita rests upon dip and strike readings on both the bedding planes 
and the regional cleavage. The strike of the beds south of Nueva 
Espafia Mine ranges from N. 17° E. to N. 60° E., with the greater 
number of the readings giving an average near N. 35° E. The dips are 
usually high. The lowest recorded is 35 degrees; many are vertical, 
the average being near 60 degrees. The lower dips are usually to the 
southeast. In the area north of the granodiorite, the average strike is 
about N. 50° E., with a few low dips. The general direction of dip is 
to the northwest. More uniformity exists in the strike of secondary 
cleavage, which has an average trend of about N. 75° E. The dip of the 


wR. E. King: The Permian of southwestern Coahuila, Am. Jour. Sci., 5th ser., vol. 27 (1934) 
p. 109-111. 
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cleavage is steep, and uniformly in a southerly direction. If the attitude 
of the plane of cleavage approximates that of the axial plane of the 
fold,?° then this evidence, taken in conjunction with the strike and dip 
of the beds, indicates pitching folds with a strong east-west trend. The 
extension of such a buried structure might influence the change in axial 
trend of the Cretaceous Blanco anticline (see p. 1034). 

A well-defined system of joints was also observed in the Permian 
rocks. The joints are particularly noticeable in the massive granodiorite. 
The general trends of two prominent sets are N. 25° E. and N. 65° W. 
The directions correspond with the strikes of pegmatite and aplite dikes 
near the Nueva Espajia Mine, and in a canyon about 214 miles north of 
Coyote. The jointing is thought to have been caused by the intrusion 
of the granodiorite, rather than by post-Cretaceous orogeny. 


CRETACEOUS STRUCTURES 


General description—The major structure of the mountain ranges 
separating the Acatita and Las Delicias valleys is anticiinal. A great 
uplift with a northwest-southeast trend and a pitch beth to the north- 
west and to the southeast is suggested by the areal geology. The highest 
part of the uplift lies near Puerto de las Sardinas, where erosion has 
removed the Cretaceous cover and exposed the Permian core. The uplift 
is composite, the central axis being parallel to the axes of anticlines super- 
imposed upon the major fold. Many of these are persistent sharp folds, 
with their axial planes inclined to the east. Minor cross-folds, ordinarily 
non-persistent, and with gentle dips, appear to reflect topographic irregu- 
larities in the basement rocks. 

In the area south of the Valle de la Buena Vista del Norte, and 
extending beyond the limits mapped, another major uplift is present 
in the Sierra de los Alamitos (Fig. 2). The two uplifts are arranged 
en échelon, and the trends of subordinate structures are affected by them. 

The structure of the Sierra del Venado, and the bordering part of 
the Valle de las Delicias, may represent a composite synclinal fold 
between the Acatita and the Alamitos uplifts, Las Delicias anticline 
being a part of a major synclinorium. The outliers of Cretaceous rocks, 
such as that of Rancherias, in the center of the Valle de las Delicias, in 
their anticlinal structure, indicate compression, and the trends of the axes 
“ of minor folds indicate that the synclinorium pitches in a northerly 
direction. 


Acatita anticline-—The Acatita anticline is the name given to the 
structure that can be traced from the northwest part of the area mapped 
to the vicinity of Puerto de las Sardinas. This may be the central 
axis of the major anticlinorium. 


2 Charles K. Leith: Structural geology (1922) p. 182. Henry Holt and Company, New York. 
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The axis of the Acatita anticline is crossed by the Buena Vista trail 
which ascends the Sierra Acatita about 144 miles north of Las Uvas. 
About two miles southeast of Las Uvas, erosion has cut back to the 
center of the fold, and the axis coincides approximately with the front 
of the range, which it intersects at Cafion Grande, passing beneath the 
crest of that part of the range known as Los Dientes, the western slopes 
of which are west of the axis. East of Puerto de las Sardinas, the 
Acatita anticline is indicated by a flattening in the easterly dips of the 
Permian.” South of Puerto de las Sardinas, the eastward-facing escarp- 
ments flanking the Cafion de las Malascachas, probably lie to the west 
of the axis. The continuation of this axis to the southeastward, across 
the mountain mass lying between the southern end of Acatita and Las 
Delicias valleys, was not traced. That the anticlinal uplift does con- 
tinue, however, is suggested by stratigraphic and structural evidence. 
Judged only from their topography, beds of the Aurora limestone crop 
out in a deep, flat-floored canyon east of the crest of the serrated hog- 
back northeast of Tanque Toribio. That the structure rises to the east 
is indicated by outcrops of gypsiferous beds of the Cuchillo formation 
along the crest of an anticline, 15 miles east of Tanque Toribio. The 
center of the uplift is not projected that far to the east, for this anticline 
is regarded as a minor fold related to the domal mass that forms the 
highest part of the southern face of Sierra Santa Ana. The beds forming 
this mass are inclined radially, the inclination amounting to eleven de- 
grees where the beds pitch below the level of the Laguna de Mayran. 


Parritas anticline —The sharp anticline at the head of Cafion Parritas 
is decidedly unsymmetrical, the west flank having a dip of 73 degrees. 
This anticline exposes an isolated inlier of Permian strata. The north- 
ward-continuation of the fold is truncated by erosion, or buried under the 
fan, west of Puerto de las Sardinas. An outlier, three miles southeast 
of Acatita ranch, probably represents the west limb. An anticlinal struc- 
ture, possibly correlated with the Parritas fold, is at the head of Cafion 
del Diablo Indio, about one mile east of the Cuchillo-Aurora contact. 
This main structure continues to the southeast, parallel to the crest of 
the prominent hogback (PI. 11, fig. 2) northeast of Tanque Toribio, and 
plunges below the alluvium about four miles east of Tanque Toribio. 


San Antonio, Indidura, and Muchacho structures—The San Antonio 
anticline is not prominent. Near the north end, it seems to be related 
to another isolated inlier of Permian strata. It was observed in the 
lower part of Cafion del Diablo Indio, and it probably accounts for the 
appearance of the two inliers of Aurora limestone, northwest and west 
of Cerro Indidura (PI. 13). 


2. R. E. King: Unpublished manuscript with map (1933) p. 30. 
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Ficure 1. UPPERMOST BEDS OF THE INDIDURA 
Shales (light buff) contain numerous crystals of gypsum 


Ficure 2. TERTIARY CONGLOMERATE 
Formation is characterized by poor sorting. Hill one and a half miles northwest of Cerro Indidura, 
var Tanque Toribio. 
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Figure 1. Srerra CANDELARIA 
Scarp faces to east, and exposes steeply dipping massive limestones of the Aurora. 


Figure 2. SyNCLINAL VALLEY NORTHEAST OF TANQUE TORIBIO 
Hogback in the background is the southward continuation of the Parritas anticline. Gashed lowlands 
below are the canyons formed across eastwest flexures. Low scattered hills are Turonian outliers. 


Ficure 3. Hocsack or Cucnitto MASAMITOTE 
Formed from western limb of syncline bordering Laguna de Mayr4n. View looking south. 
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The structure of Indidura valley is broadly synclinal (PI. 11, fig. 2) 
with a series of gentle cross-warps, in which Upper Cretaceous strata 
have been preserved. The upper beds of the Aurora limestone dip to 
the level of the Quaternary alluvium, cuestas, mesas, and buttes of this 
area being formed of rocks of Upper Cretaceous and Tertiary age. The 
synclinal structure pitches to the south. 

Indidura syncline is bounded, on the west, by the Muchacho anticline, 
whose axis is a short distance west of Picacho Muchacho. This anticline 
brings the upper Cuchillo to the surface at Cafion Aire, but at the south- 
ernmost exposures, the upper beds of the Aurora border the alluvium, as 
the result of the southward pitch. 


Structures east of main axis of uplift—Several anticlinal and syn- 
clinal flexures were observed along the southern margin of Sierra Santa 
Ana. One of these is shown in the promontory-like anticlinal ridge, 
about 15 miles east of Tanque Toribio, which exposes gypsiferous beds of 
the Cuchillo. The steeply dipping beds that form the hogback known as 
Cuchillo Masamitote may be the east limb of this anticline. The hogback 
is on the south side of an east-west valley followed by the road to Las 
Delicias. The road offers several vantage points from which one can 
observe the syncline east of Cuchillo Masamitote (PI. 11, fig. 3), an anti- 
cline, a second syncline, and a second anticline. The anticlines can be 
traced to the southwestern edge of the Valle de las Delicias. It is possible 
that stretching on the limb of the more western of the anticlines has caused 
the fault along the base of Sierra del Sobaco. The fault is also mapped 
by King.?? 

Structure of Sierra Candelaria—The Sierra Candelaria has two belts 
of sharp folding, one on the western, and the other on the eastern margin, 
separated by a relatively broad synclinal sag, in which the flexures are 
gentle. The western belt of sharp folding includes an overturned syncline 
(Pl. 5, fig. 1), involving a great thickness of the massive Aurora lime- 
stone beds, which is well seen, in cross-section, on the face of the cliffs 
that flank Puerto de Ventanillas. The continuation of the same syncline 
and associated isoclinal folding, to the east, is exposed on the southern 
slopes of a spur projecting westward from the Sierra Candelaria scarp 
(Pl. 12, fig. 4). The entire series of closely related folds may be traced 
to the end of the valley, 4 miles south of El Rayo; they are undoubtedly 
a part of a larger folded belt that includes the structures noted in the 
vicinity of Cuchillo Masamitote. The gently folded belt is exposed in 
the canyons cutting the central part of the upland. The second belt 
of sharp folding, along the eastern border of the Sierra Candelaria, con- 


2R. E. King: The Permian of southwestern Coahuila, Am. Jour. Sci., 5th ser., vol. 27 (1934) 
p. 100, fig. 2. 
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sists of two anticlinal axes within a distance of less than half a mile. The 
steep dips of the eastern fold give rise to flatiron-like landforms (PI. 5, 
fig. 1). 

Structure of the Valle de las Delicias—The Valle de las Delicias occu- 
pies a structural depression between the Acatita and the Alamitos uplifts. 
The synclinal structure is suggested by the gradual disappearance of the 
lower Cuchillo along the northern border of the valley, and is borne out 
by the absence of these beds from the escarpments of Sierra del Venado 
and Sierra Candelaria, as well as from the many outliers within the 
valley. Stress-folding, as evidenced in the bordering mountains (PI. 5, 
fig. 1; Pl. 11, fig. 3; Pl. 12, fig. 4) and in various parts of the valley, 
convinces the writer that the syncline is not simple but is composed of 
many subordinate structures, including the Blanco and Las Delicias 
anticlines. 

The Blanco anticline, at the north end of the Valle de las Delicias, has 
a marked arcuate outline, which probably reflects the proximity of a 
subjacent extension of the Permian rocks, the northern swing correspond- 
ing in position to the extension of a Permian fold (p. 1031). 

The structure at the south end of the valley is called Las Delicias 
anticline. It is clearly anticlinal, as indicated at the right-hand end of 
cross-section C-D in Plate 12. The evidence for its prolongation to the 
north end of the valley is somewhat scanty, because of the small number 
of exposures. The trend of the axis is drawn parallel to the folding in 
Sierra Candelaria, and through the Rancherias outlier. The Rancherias 
structure, a sharp anticline with a north-south trend, possibly does 
not lie upon the main axis of Las Delicias anticline, but may be a parallel 
fold. In the north end of the valley are two anticlines, as shown near 
the right center of cross-section A-B of Plate 12. The main axis is drawn 
through the eastern fold, because it is the stronger and conforms to the 
northeastward swing of structures in Sierra del Venado. 

This interpretation minimizes, without denying, the importance of 
faulting. King believes the Valle de las Delicias to be a graben of recent 
geologic origin,”* and bases his evidence mainly on physiographic criteria. 
His interpretation may be true for the eastern face of the Sierra del 
Sobaco, but it is not supported by the irregular trend of the Sierra 
del Venado. Although the valley is at present undrained and lower 
than the borders of Laguna de Mayran,”* it may have been drained to 
the east during a more humid cycle, by way of the transverse Puerto 
del Venado. In addition, as King points out,”* stream capture east of 
Puerto de las Sardinas has reversed the drainage from an easterly to 


33 Op. cit., p. 101, 112. 
% Op. cit., p. 101. 
*5R. E. King: Unpublished manuscript with map (1933) p. 6. 
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a westerly direction. If the block on the west side of the valley had 
been materially uplifted, the valleys draining to the east should have 
been rejuvenated, and headward erosion toward the west should have 
proceeded more rapidly. 


Structures in Sierra del Venado.—The structures in the Sierra del Ve- 
nado seem to be closely related to the Alamitos uplift. The westernmost 
structure, the Venado monocline, is a sharp flexure in beds that dip 
toward the southeast. It was observed only in the northwest part of 
the Sierra del Venado. 

The most pronounced structure east of the Valle de las Delicias is the 
Caracol anticline. It can be observed in the Cuchillo Caracol, and also 
near the head of an unnamed canyon, west of Noria de la Buena Vista 
del Norte. The anticline crosses the Puerto del Venado about two miles 
east of the edge of the Valle de las Delicias, and exposes the lower 
Cuchillo along its axis. The trend of the axis here is north-south, al- 
though it is northeast in the Cuchillo Caracol. The resultant arcuate 
outline of the Caracol anticline appears to be intimately related to the 
great domal uplift of Los Alamitos. Dips of 88 degrees on the west, 
and 37 degrees on the east, flank were recorded on outcrops in the 
unnamed canyon already mentioned. 

Several anticlines, with trends approximating that of Caracol, lie 
between it and the Venado monocline. The structures are truncated 
along the front of the Sierra del Venado, but outliers within the basin 
indicate their continuation beneath the alluvium, rather than their trun- 
cation by faulting. These structures were not traced into the northeast 
part of the Sierra del Venado, but it is thought that they are probably 
similar in extent to some of those on the flanks of the Acatita uplift. 


CROSS STRUCTURES 


There are several examples of cross-folding in the Acatita-Las Delicias 
area. These are best exemplified in Cafion Grande, near Acatita ranch, 
and in the vicinity of ,Cafion Indidura, near Tanque Toribio. Cafion 
Grande crosses the Acatita anticlinal axis and follows an east-west struc- 
ture that seems to be intimately related to a pre-Cretaceous ridge. 

A gentle anticlinal flexure, with an east-west trend, was also observed 
in Cafton Indidura, between its mouth and Cerro Indidura, the axis of 
the anticline coinciding with the narrowest and steepest part of the 
canyon. At the head of Cafion Indidura is a broad, open valley, known 
as Bajasillo, which corresponds to the axis of an east-west syncline. At 
the mouth of Cajfion Indidura, a parallel syncline was traced eastward 
to the base of the prominent hogback formed by the west flank of the 
Parritas anticline. Such east-west structures may also be related to 
irregularities in the basement rocks. They have particular importance 
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here, for many of the outliers of the Indidura formation have been pre- 
served in the local basins, formed where the minor synclines cross the. 
Indidura syncline (p. 1028). 

FAULTS 


Normal faulting, subsequent to the period of folding, was observed 
north of Las Uvas (Pl. 11, fig. 3), in the neighborhood of the Nueva 
Espafia mine, and west of Cerro Indidura. Normal faulting along the 
base of the Sierra del Sobaco is also described by King. This is of the 
pivotal type, and is related to the east limb of an anticline west of Puerto 
de Ventanillas. 

Reverse faulting was not directly observed. It is probably more 
common than the areal geology indicates, but is suggested by divergence 
of the anticlinal trends in the Valle de las Delicias. Confirmatory evi- 
dence at the north or the south ends of the valley is lacking, however. 


GEOLOGIC HISTORY 


The geologic record of the Acatita-Las Delicias area extends back to 
the Permian period, when the thick series of sediments were deposited 
in a subsiding geosynclinal trough, which bordered the landmass of 
Llanoria, from which clastic sediments were derived. Sedimentation was 
frequently interrupted by volcanic activity. Toward the middle of the 
period, thick beds of conglomeratic shale, whose origin is still obscure, 
were deposited. At the close of the period the region was profoundly 
deformed by compressive stresses, which resulted in welts ** possessing 
a northeast-southwest trend. This episode was followed by the intrusion 
of magmas of intermediate composition in successive shifts away from 
the landmass of Llanoria. Mineralization on a small scale accompanied 
the intrusion of the dikes during the last phases of igneous activity. 

The area was not submerged again until late in the Aptian epoch. 
During the Triassic and Jurassic periods, weathering slowly reduced the 
old continent of Llanoria and its bordering mountain ranges, until only 
the latter projected above the sea, as a peninsular-like extension from 
the north. The lower Cretaceous sea overlapped the region, reworking 
the residual soils in its advance. At first the Aptian seas deposited only 
limestone, but later, dolomite and gypsum as well. These deposits con- 
tinued into Albian time, but in that epoch, the disappearance of some 
barrier allowed seas of normal saline content to become established, with 
a resultant deposition of limestone. The deposition of limestone ceased 
with the dawn of the Cenomanian, but the interruption was of short dura- 
tion, for, during the middle of the Indidura stage, which corresponds in 


2 Walter H. Bucher: The deformation of the earth’s crust: An inductive approach to the problems 
of diastrophism (1933) p. 5. Princeton University Press. 
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time to the Cenomanian and the Turonian, limestone was again deposited 
and the sea was invaded by a rich fauna, composed dominantly of echi- 
noids and mollusca. After this, the record is obscure. Gypsiferous clays, 
representing the latter part of the Indidura stage, might record the retreat 
of an epeiric sea, and the formation of a closed basin. No record of later 
Cretaceous marine invasion is known here, although such are known 
south of the bordering Laguna area. The Cretaceous closed with a period 
of orogeny, which did not follow the lines of folding initiated at the close 
of the Paleozoic, but followed a mobile belt governed by the position of 
the buried Neocomian-Jurassic landmass. 

With the dawn of the Tertiary, erosion of the newly upraised moun- 
tains had started and fanglomerates were being deposited over the younger 
formations. Subsequently, vulcanism took place in the southern part of 
the area, and the extruded lavas protected some of the more recent de- 
posits. Recurrent uplifts initiated erosion along lines of weakness, and, 
where the massive limestones of the Aurora were thin, or the formations 
weakened by deformation, valleys flanked by steep cliffs were initiated. 
These valleys were enlarged during a humid cycle, probably the Pleisto- 
cene. The old Neocomian-Jurassic continent was exhumed, and the waste 
carried eastward through the gap in the Sierra del Venado. After the 
change to a semi-arid climate, the waste accumulated in the valleys, thus 
tending to diminish the total relief. 
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time to the Cenomanian and the Turonian, limestone was again deposited 
and the sea was invaded by a rich fauna, composed dominantly of echi- 
noids and mollusca. After this, the record is obscure. Gypsiferous clays, 
representing the latter part of the Indidura stage, might record the retreat 
of an epeiric sea, and the formation of a closed basin. No record of later 
Cretaceous marine invasion is known here, although such are known 
south of the bordering Laguna area. The Cretaceous closed with a period 
of orogeny, which did not follow the lines of folding initiated at the close 
of the Paleozoic, but followed a mobile belt governed by the position of 
the buried Neocomian-Jurassic landmass. 

With the dawn of the Tertiary, erosion of the newly upraised moun- 
tains had started and fanglomerates were being deposited over the younger 
formations. Subsequently, vuleanism took place in the southern part of 
the area, and the extruded lavas protected some of the more recent de- 
posits. Recurrent uplifts initiated erosion along lines of weakness, and, 
where the massive limestones of the Aurora were thin, or the formations 
weakened by deformation, valleys flanked by steep cliffs were initiated. 
These valleys were enlarged during a humid cycle, probably the Pleisto- 
cene. The old Neocomian-Jurassic continent was exhumed, and the waste 
carried eastward through the gap in the Sierra del Venado. After the 
change to a semi-arid climate, the waste accumulated in the valleys, thus 
tending to diminish the total relief. 
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INTRODUCTION 
PURPOSE OF REPORT 


This report presents the writer’s interpretation of the geology of a 
complex mountain area contiguous to a well-populated and economically 
important agricultural region (Figs. 1 and 2). The Laguna District, the 
most important cotton-raising region of Mexico, owes its fertility to the 
Nazas River, which, entering from the southwest, annually brings a new 
supply of rich alluvium to the fields. Many haciendas and several large 
towns located in the district draw their livelihood from the soil and from 
the mines of the neighboring mountain ranges. The rocks that underlie 
the alluvial plain are exposed in the mountains bordering it on the west. 
Especially along the valley of the Nazas, which crosses the strike of the 
mountain ranges, the sequence of rock formations is well exhibited. Be- 
cause of the large number of people who live within sight of these moun- 
tains and because of the importance of the ore deposits in the region, the 
geology is of both local and general interest. 

Study of this area, in some detail, was undertaken as part of a regional 
investigation of structural and stratigraphic conditions along a portion of 
the southern margin of the North American continent during the Neo- 
comian epoch. The area lies southwest of that continental border, at 
the western end of the great cross-geosyncline known as the Parras Basin. 
When viewed in their broader relations to nearby areas, the geologic 
conditions revealed in the mountains west of the Laguna District con- 
tribute a clear and important segment to the panorama of events in 
northern Mexico during the Upper Jurassic and Lower Cretaceous periods. 
The number of faunas collected from successive horizons in the unusually 
thick and well-exposed section of stratified rocks makes it possible to 
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date the major events in the geologic history with some degree of ac- 
curacy. The study of a large area in the zone of cross-folding and along 
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the margins of the old land area, as now known, should lead to a better 
understanding of the interrelation of various types of geologic expression 
of the causes of cross-folding in the Cordillera. 
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REGION COVERED BY THIS REPORT 
AREA AND LOCATION . 


This report covers an area of about 400 square miles in northeastern 
Durango and southwestern Coahuila (Fig. 1). It is 42 miles long and 
7 to 13 miles wide, lying between 25° 21’ and 25° 50’ north latitude, and 
103° 20’ to 103° 50’ west longitude. 


RAILROADS 


Four railroads serve the area. The line of the old Ferrocarril Central 
Mexicano, from Torreén to Zacatecas, extends along the eastern side of 
Sierra de las Noas, within 2 miles of the mountain front. West of Torreén, 
the railroad to Durango extends up the valley of the Rio Nazas, along 
the south side of the river. Eighteen miles northwest of Torredn, a branch 
from the Torreén, Chihuahua, and El Paso line goes to Dinamita. At 
the northwest end of Sierra de Mapimi, a narrow gauge branch from the 
same line connects Mapimi with Bermejillo. 


ROADS 

Paved highways connect the cities of Torreén, Gdmez Palacio, and 
Lerdo, on the eastern side of the area. The Mazatlan highway, extending 
up the Nazas valley for 20 miles, from Lerdo to Hacienda La Goma, is a 
rough, gravelled road. It was intended to be part of a transcontinental 
highway, but the bridge across the Rio Nazas near La Goma was never 
built. 

Unimproved roads extend along the margins of the area and cross it at 
several places. Most of them can be traversed by automobiles in dry 
weather, but only the paved or gravelled highways are safe when wet. 
In addition, the mountains are covered by a network of trails, so that one 
can reach the more difficult parts of the area on foot or by pack and 
saddle animal. 

MAPPING 

Field stations for most of the mapping are tied in by pace and car 
traverse to the railroads, whose position is taken, with some correction, 
from Abbott’s map of the State of Coahuila. In addition, plane-table 
traverse was run in the vicinity of Villa Juarez. Most of the field investi- 
gation was carried out on foot or by auto truck from mobile camps. 
Saddle animals were used when convenient. Stratigraphic sections were 
measured either by tape or by stadia surveying. 
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HISTORICAL BACKGROUND 


Early papers describing the ore deposits of the famous Ojuela mining 
district, near the northwest end of Sierra de Mapimi, were published by 
Edmund Naumann in 1898, by Juan D: Vallarello in 1906 and 1910, by 
Ernesto Angermann in 1907, and by Trinidad Paredes in 1908.1 Their 


Ficure 2—Index map of southwestern Coahuila and portions of Chihuahua and 
Durango, Mexico 


papers are of interest in showing the development of geological ideas 
regarding the structure and stratigraphy of the mountains near the min- 
ing district, as well as regarding the nature of the ore deposits. Subse- 
quent development of the mines and more intensive study of the geology 
of the surrounding area have provided later authors with more complete 
data. 

The first detailed study of the Ojuela mining district and nearby terri- 
tory, including about 25 square miles, was made by J. E. Spurr and assist- 


1 These publications are included in the bibliography at the end of this paper. 
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ants. The broader geologic relationships, as interpreted from their inves- 
tigation, were set forth by Spurr in 1923, in support of his theory of 
magma migration as a cause of doming, folding, faulting, and overthrust- 
ing. Their observations agree closely with those made by the present 
writer, but Spurr’s inferences and his theory of the origin of the struc- 
ture of the district, based upon their observations, appear to be unwar- 
ranted. 

Regional studies of stratigraphy and structure in eastern Durango and 
southern Coahuila and the examination of many intrusive masses in 
northern Mexico, have led the writer to a very different interpretation 
of the origin of the structure of the Ojuela mining district. The intru- 
sions of igneous rock, which Spurr considers the fundamental cause of 
the folded structure, have had, in the writer’s opinion, a very minor and 
local effect in deforming the sedimentary strata. Spurr refers to the 
Bufa de Mapimi as a dome, yet he describes it as the end of a plunging 
anticline whose northeast flank is closely folded. It is inconceivable that 
the series of long, narrow, tightly folded anticlines, which extends parallel 
to the Bufa on the northeast, was formed by intrusions of igneous rock 
beneath the Bufa anticline. Spurr admits that these anticlines must be 
the result of horizontal pressure, but, to produce that pressure, he postu- 
lates two great intrusions, one beneath the Bufa and the other in the 
plain to the east of the mountain range. The two largest intrusive masses 
that can be seen on the surface in the Sierra de Mapimi are the Sierra 
de Sarnoso and the Doctor Lawrence laccolith. These lie south and west, 
respectively, from the Ojuela district. Both are nearly circular and have 
domed the limestone contiguous to the igneous rock. There is no evidence 
to indicate that the intrusions produced waves of sharp folding in the 
adjacent limestone. If such folding had been produced, it should be 
tangential to the circular intrusion. Instead, the folds of the Ojuela 
district strike directly toward the Sierra de Sarnoso and disappear in the 
domed area immediately surrounding the igneous rock. Some igneous 
intrusion has taken place beneath the Bufa, as shown by the Doctor 
Lawrence laccolith, and other intrusions have penetrated the sediments 
east of the Bufa, as indicated by “alaskite” encountered in drill holes 
in the Ojuela district. The latter intrusive is not exposed, but the Doctor 
Lawrence laccolith has only slightly domed the limestone around its 
borders, indicating an extremely local effect. 

In the foothills to the north-northeast of the Sierra de Mapimi, in the 
area studied by Singewald,? dikes and sills of diorite have penetrated 
steeply folded limestones and shales of the Indidura formation. The 


2Q. D. Singewald: Igneous ph and geologic structure near Mapimi, Geol. Soc. Am., Bull., 
vol. 47 (1936) p. 1153-1176. 
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strike of the folds in that area is parallel to the strike in the Ojuela dis- 
trict and does not suggest a great underlying batholith of the type 
postulated by Spurr. The nearest approach to such a batholith is the 
Sierra de Sarnoso, where the structure of the strata does not in the least 
resemble the intense folding of the Indidura formation north of the range. 
In the plain east of the Ojuela district, there is no evidence of any 
igneous activity for more than fifty miles. 

The structure of the Ojuela district is almost identical with that found 
in the Sierra del Rosario, 10 miles west of Sierra de Mapimi, and it closely 
resembles the structure of Sierra de la Pefia and Sierra de Parras, in 
southern Coahuila, and other mountain ranges in this area. This type 
of intensely folded structure is regional and is characteristic of the early 
Tertiary deformation in the Jurassic-Neocomian geosyncline of northern 
Mexico. The broader relationships of this geosyncline to the Coahuila 
Peninsula and the theoretical cause of the folding are discussed in Part I 
of this number of the Bulletin. 

A more recent description of the ore deposits of the Ojuela district is 
contained in an article by Basil Prescott, published in 1926. Prescott 
makes a distinct contribution to the stratigraphy of northern Mexico by 
presenting an “Idealized geologic column” for the “Mexican Province.” 
Highly significant is the author’s statement that “no great difficulty is 
experienced in correlating sections . . . along a north-northwest—south- 
southeast line, as variations are comparatively slight and progressive; 
but the correlation of . .. [sections lying along an east-west line] is 
unsatisfactory and uncertain.” In Part I of this number of the Bulletin, 
it is shown that the former directions are parallel to the Jurassic-Neo- 
comian shoreline, and sections along the shoreline contain the same facies 
of sedimentation; sections along an east-west line, however, are per- 
pendicular to the shoreline and, therefore, at varying distances from the 
source of clastic sediments. The faunal assemblage is closely related 
to the facies of sedimentation. 

In 1932, the ore deposits of the Ojuela district were again described 


_ ina short paper by M. W. Hayward and W. H. Triplett. They refer all 


the sediments, from the top of the Bufa to the 19th level of the mine, to 
the “upper Cretaceous.” Like Spurr, they attribute the folded structure 
of the sedimentary rocks to doming by igneous intrusion. This was ac- 
companied by thrusting from the southwest, followed by settling, which 
buckled the strata into a series of overthrust anticlines and synclines. 
As already stated, the regional distribution of the Ojuela district type 
of structure precludes the explanation of its origin as a result of the local 
intrusion of igneous rocks. 
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Ficure 1. WEsT FLANK 
View N 25° E from point on railroad, 3 kilometers east of El] Nazareno 


Ficure 2. CaNon pet INpIo 
View S 30° E along sharp synclinal trough. Turonian beds are exposed in the valley, and Lower 
Cretaceous limestones form the ridges on both sides. 


SIERRA DE LAS NOAS 
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GEOGRAPHY AND TOPOGRAPHY 
EASTERN MOUNTAIN FRONT 


Sierra de las Noas and the isolated hills north of Rio Nazas.—The 
mountains west of the Laguna District rise abruptly from the Laguna 
plain to a height of 2000 to 4000 feet. The Sierra de las Noas, in the 
southeast, has a maximum relief estimated at 2000 feet (Pl. 1). 

North of the Rio Nazas, the eastern mountain front is broken and 
irregular. It is represented by a line of large, isolated hills and ridges 
on the alluvial plain of the Laguna, extending for 814 miles from Puerto 
Calavazas, a gorge on the Rio Nazas, to the Cafién del Macho, a large 
notch in the eastern flank of the Sierra de Mapimi (PI. 3, fig. 2). These 
hills and ridges have a relief of 500 feet, or less, above the plain. 


Sierra de Mapimi from Caiién del Macho to the Rio Nazas—South of 
’ Caién del Macho, the mountain front is irregular, erosion having caused 
it to recede, leaving numerous spurs and outliers of the limestone. It is 
broken by two passes, the Puerto de Soldados and the Puerto de San 
Isidro, which extend across the range. The Puerto de Soldados (PI. 3, 
fig. 1), 4 miles north of the Rio Nazas, is a southwest-trending valley. 
A steep escarpment borders it on the southeastern side, but to the north- 
west the limestone ridge has been stripped back by erosion and is less 
conspicuous. The large Cafién Colorado, which drains the central part 
of the range, enters from the north, about midway of the valley. West 
of its mouth, prominent cuestas, tilted to the northwest, extend along the 
northern side of the valley; similar cuestas on the opposite side trend 
almost at right angles. The Puerto de San Isidro, 134 miles north of 
Rio Nazas, is a narrower, less conspicuous gap, caused by two canyons 
cutting headward on opposite sides of the range. 


Sierra de Mapimi from Caién del Macho to tha Rincén de San Alex- 
andro (Sierra de Sarnoso).—At the mouth of Cafién del Macho are sev- 
eral small limestone outliers. Northward, the mountain front is essen- 
tially unbroken for a distance of four miles, to Cafién del Indio, which 
lies at the south side of the broad, conspicuous re-entrant. Here, the 
margin of the range swings slightly east of north for 214 miles, and three, 
large, V-shaped canyons drain eastward from an exceptionally high and 
rugged portion of the Sierra de Mapimi, which is known in this part as 
the Sierra de Sarnoso (PI. 5, fig. 1). These are the Cafién del Indio, the 
Cafién de Sarnoso, and the Puerto Las Lomas. Picacho de Sarnoso is a 
prominent, though not exceptionally high, peak between the first two 
canyons. North of Puerto Las Lomas the mountain front swings nearly 
due east for three-quarters of a mile and then turns sharply north-north- 
west. Bordering the rugged igneous mass of Sierra de Sarnoso, which oc- 
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cupies the central portion of the Sierra de Mapimi at its widest part, the 
mountain front extends in a broad arc, convex to the northeast, for about 
11 miles to the Rincon de San Alexandro. A relatively narrow rim of lime- 
stone surrounds the central igneous area, forming an almost vertical and 
continuous inward-facing escarpment. Some of the highest peaks in the 
range are situated along it. The drainage is radial, and several canyons 
form deep notches. The largest of these, Cafién del Salto, rises in the 
center of the Sierra de Sarnoso and extends northeast, nearly to the edge 
of the igneous area at El Salto (the waterfalls). Thence, it drains south- 
east for two miles, paralleling the inner margin of the limestone rim, to 
La Presa (the dam), where it turns eastward through the rim. The 
village of Dinamita is in the lower part of Cafién del Salto. Two and a 
quarter miles to the northwest, the Cafién del Sacramento is a straight, 
V-shaped notch draining northeast. A prominent peak on its northwest 
side is Picacho del Culto (Pl. 5, fig. 2). 

The Rincén (corner, or re-entrant) de San Alexandro is at an angle of 
nearly 90 degrees in the mountain front where it changes from south- 
west to northwest. Several steep, V-shaped canyons drain across the 
limestone rim on the north side of the Sierra de Sarnoso, into this re- 
entrant (Pl. 5, fig. 2). These are separated by sharp, parallel divides, 
which merge southward into a high, cross-ridge that overlooks the igneous 
area to the south. Picacho de Acatita, one of the highest peaks of the 
Sierra de Mapimi, is due south of the Rincén de San Alexandro, and at 
the north edge of the granite area. San Alexandro ranch is on the plain, 
close to the margin of the limestone, about 114 miles northwest of the 
Rincon. 

Northeast of the mountain front between Dinamita and San Alexandro, 
an apron of gravel forms an irregular belt of low mesas, called the Lomas 
de Renoval. To the north of this are two small, hogback ridges of lime- 
stone, Los Cerritos de San Gilberto. 


From San Alexandro to the end of the Sierra de Mapimi.—The north- 
ern part of the Sierra de Mapimi, viewed from the east, rises to its summit 
by two distinct steps, separated by a broad, irregular terrace. The lower 
step, the main mountain front just west of San Alexandro, is estimated 
to be 500 feet high. It is in two lines, arranged en échelon and extending 
N 45° W. One extends from the Rincén to a point three-quarters of a 
mile beyond San Alexandro ranch, where a second, and parallel, ridge 
begins a quarter mile to the east. The latter ridge has been called “La 
Bufa Chica.”* It is four miles long and forms the northernmost edge 


% Ernesto Angermann: Sobre la geologia de la Bufa, Mapimi, Estado de Durango, Instit. Geol. 
México, Parergones, tomo II, ndém. 1 (1907) p. 17. 
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of the Sierra de Mapimi. The mining district of Ojuela is situated on the 
terrace southwest of this ridge, about midway between it and the second 
higher step, called “La Bufa Grande” or “La Bufa de Mapimi.” 

From the northwest, the end of the Sierra de Mapimi presents two 
parallel ridges, which extend along the eastern and western margins of 
the range and are separated by a broad re-entrant or strike valley (Pl. 6, 
fig. 1). The western ridge is the Bufa de Mapimi, which rises about 
4000 feet above the valley floor, in a steep and rugged face. The eastern 
ridge is the Bufa Chica (PI. 6, fig.2). At the south end of the re-entrant, 
the valley rises, by a series of ridges, to the irregularly broken terrace 
on which is the Ojuela mining district. The old mining town of Mapimi 
is situated on the plain at the northwest end of the Sierra de Mapimi, 
about a mile north of the Bufa de Mapimi. 


WESTERN SIDE OF THE SIERRA DE MAPIMI 


From Mapimi, around the northern end of the range and along the 
western side, the topography and ground plan of the range are com- 
paratively simple for a distance of 54% miles (Pl. 4, fig. 1). The barren 
limestone, rising abruptly from the plain, is deeply gullied by steep, 
narrow, V-shaped canyons. Four miles from the end of the range, there 
is a broad re-entrant in the western flank (PI. 4, fig. 1). The plain within 
this re-entrant, and to the south, along the margin of the range for 
several miles, is named “La Zacatera.” At its head, a narrow gap 
enters a nearly circular valley, about a mile in diameter, whose topog- 
raphy is characterized by low, rolling hills, low, gravel-capped mesas, 
and smaller patches of alluvial plain. High, sheer cliffs of limestone 
overlook the valley on three sides, but on the south side a low, narrow, 
limestone ridge separates the valley from the marginal plain. From the 
northeast edge of the limestone rim, a V-shaped strike-valley, high in 
the mountain, extends southeast for about two miles. 

From the head of the re-entrant at La Zacatera the margin of the range 
extends about S 5° W for two miles and then turns abruptly to the east 
and continues southeastward in a steep cliff for 34% miles to the mouth of 
a large canyon. Southwest of this gray limestone cliff the range is bor- 
dered by a belt of brown foothills, one-half to three-quarters of a mile 
wide. These are the Lomas Coloradas. The highest peak of these foot- 
hills is about 500 feet above the plain, which penetrates their margin in 
broad fingers. About half a mile east of the marginal limestone cliff, a 
long strike-valley extends southeast for several miles, to a narrow gorge 
that cuts west-northwest across the strike to the margin of the range at 
the south end of Lomas Coloradas. At the east entrance to the gorge, 
where other valleys draining from the southeast and east converge, the 
valley is several hundred feet wide. 
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From the west end of the gorge, the limestone mountain front continues 
east-southeast in a nearly straight line, about four miles, to another large 
re-entrant at the Puerto de Cerro Blanco. The first ridge of the Sierra 
de Mapimi in this part is relatively low and irregular. Northeast of it 
is the valley of Potrero de Cerro Blanco. At the southeast end of the 
ridge is the prominent hill called Cerro Blanco (White Hill) because it 
is composed of calcite. 

Puerto de Cerro Blanco is a gap, about two miles wide, in the lime- 
stone mountain front. On both sides of it, prominent peaks emphasize 
the ends of the limestone ridges. To the west is Cerro Blanco; to the 
east, a higher peak named Picacho de la Glorieta. North and northeast 
of Puerto de Cerro Blanco is the igneous area of the Sierra de Sarnoso. 

The topography of the igneous rock varies from barren, jagged moun- 
tains to gentle grass-covered valleys. The Potrero de Cerro Blanco, open, 
rolling country, extending north of that ranch for four or five miles, is one 
of the best grazing areas in or near the Sierra de Mapimi. It is bounded 
on the west by the steep, inward-facing escarpment of the limestone rim 
and on the east by rugged mountains of igneous rock, weathered in sharp 
pinnacles and rough surfaces. Behind these, on the southeast, rises the 
limestone rim. Locally, especially in the central part of the igneous area, 
the coarse-grained granite is exfoliated to form rounded knobs, pedestals, 
and enormous boulders. Elsewhere, it forms mesas, 200 to 300 feet high, 
with flat tops and steep sides. 

The large Cafién de Sarnosito extends from the central part of the 
range, westward along the foot of the limestone escarpment, to the east- 
ern side of Puerto de Cerro Blanco, at the base of Cerro de la Glorieta. 
From there, the limestone mountain front swings south and southeast 
about 5 miles, to Picacho de la Iglesia, which stands isolated about 250 
feet high at the west side of another large canyon, the Cafién de la Iglesia. 
This drains southward from the western end of an amphitheatre-like val- 
ley bordered on the north and west by a steep, high escarpment and on the 
south by a lower limestone ridge. The escarpment is continuous from 
Puerto de Soldados, on the northeast, to the great isolated rock, on the 
southwest; the ridge along the south side is two miles long and extends east 
to the western entrance of Puerto de Soldados. A high peak on the western 
side of the escarpment, overlooking the amphitheatre, is also named “‘Pica- 
cho de la Iglesia.” It is 2,000 feet, or more, above the marginal plain and 
is prominent among the higher peaks of the range. 

West of Sierra de Mapimi, from Puerto de Soldados southward, two 
rounded mountains lie north of the Mazatlan highway. They extend 
about north-south, separated by a gap about 1500 feet wide, and rise to 
a height of about 1000 feet. The main road from Puerto de Soldados 
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Ficure 1. Puerto 
View S 77° W. 


Figure 2. REMNANTS OF Lower CRETACEOUS LIMESTONE 
View N 29° E, toward Hacienda San Ramén. The plain, north of Lerdo and east of the mountains. 
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Figure 1. West sive or SteERRA DE Mapimti 
View N 19° E. The re-entrant of La Zacatera is indicated by the shadow on the mountain. 


Ficure 2. WESTERN ENTRANCE TO PUERTO CALAVAZAS 
View S 42° E across Rio Nazas. 


SIERRA DE MAPIMI AND SIERRA DE LAS NOAS 
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passes westward through a narrow gap that separates the northern 
mountain from the limestone ridge at the margin of the Sierra de Mapimi; 
the Mazatlan highway passes through a third gap, at the southeast end 
of the southern mountain. 

From Puerto de Soldados southeast for nearly 3 miles, the western 
side of the Sierra de Mapimi is formed by a-series of parallel cuestas, 
which rise, one about the other, in alternating escarpments and talus 
slopes. North of the Mazatlan highway, a wide strike-valley penetrates 
the southeastern end of this belt of cuestas, forming a large re-entrant in 
the range. At its eastern side is the entrance to Puerto de San Isidro and 
half a mile farther south, on the Mazatlan highway, is Los Angeles ranch. 
Los Angeles is situated at the base of an outlying rocky hill, south of the 
highway, and is opposite an angle where the main mountain front turns 
north from its westward-trend along the Rio Nazas. 


REGION BETWEEN R{O NAZAS AND AGUANAVAL 


The Rio Nazas separates the Sierra de Mapimi from a mountain com- 
plex lying to the south. It drains eastward across the strike of the 
mountains and varies from a narrow gorge, where it crosses the limestone 
ridges, to a broad plain between the ridges, where it merges with strike- 
canyons. 

In the area mapped, the river flows through four narrows. The eastern- 
most is Puerto Calavazas, just west of Torreén; the second is at the 
south end of the Sierra de Mapimi, between El Raymundo and Lerdo 
station; the third is about 4 miles west of the second, between Villa Juarez 
and Rancho Monterrey, where it cuts a belt of red lava hills; and the 
fourth is at the north end of the Sierra de Hispafia, where jagged lime- 
stone peaks extend, in a line, northwestward from the river, past the town 
of Leén Guzman. Between each of these narrows, the Nazas Valley 
widens rapidly northwest and southeast. 

The Sierra de Hispafia, at the southern limit of the area mapped, is a 
high limestone ridge, extending about N 50° W, from the Rio Aguanaval 
to the Rio Nazas. It has an escarpment on the northeast (PI. 10, fig. 1 
and PI. 11) and a somewhat gentler slope on the southwest. At its north- 
western end, an arcuate re-entrant penetrates the center of the range east 
of La Goma station. 

Northeast of the Hispafia escarpment, for about 4 miles, the topography 
is characterized by lower hills and strike ridges (Pl. 11). Its eastern 
limit is another limestone escarpment, which faces westward and forms 
the western limit of a high and rugged mountainous area, about 414 miles 
wide, extending from Hacienda San Carlos and Las Cuevas ranch, on the 
north, to E] Nazareno, on the south, and from Cuesta del Carbonero, on 
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the west, to Cuesta de la Fortuna, on the east. Broad strike-canyons, 
eroding headward from Rio Nazas, on the north, and from Rio Agua- 
naval, on the south, have cut deeply into it. 

East of Cuesta de la Fortuna is the Sierra de las Noas, whose western 
margin extends southeast in an almost straight line, from the cuesta to 
the end of the range. Four miles from the cuesta is the mouth of Cafién 
del Indio, a large strike-canyon, which drains the central, and highest, 
part of Sierra de las Noas (PI. 2). 


STRATIGRAPHIC SECTIONS 
GENERAL STATEMENT 


The sections measured in the mountain ranges west of the Laguna Dis- 
trict may be placed in two groups: one, north of the Rio Nazas, on the 
west side of the Sierra de Mapimi, and the other south of the Nazas, in 
the area of uplift to the south of Villa Juarez. Another section was meas- 
ured near the northwest end of Sierra de Hispaiia, about a mile northeast 
of La Goma station (P]. 13). Fossils were collected, and additional obser- 
vations were made on stratigraphic relationships at many other local- 
ities. Some of the sections were measured with plane-table and alidade, 
others with tape, clinometer, and compass, and in one, the intervals were 
taken by aneroid barometer. 

On the west side of the Sierra de Mapimi, 2320 feet of strata were meas- 
ured, and south of Rio Nazas, 4845 feet were measured, above the basal 
Red Rock Series. That most of the northern section lies stratigraphi- 
cally above the southern section is shown by the zone of Vermetus corne- 
joi, Rhynchonella lacunosa, and Plicatula sp., 300 feet above the base of 
the former and 657 feet below the top of the latter. This faunal zone is 
the only reliable correlation between the two. 

The strata of each section have been grouped into a series of lithologic 
units whose superposition and characteristics are well established. This 
facilitates comparison, and, where distinctive fossils are present, the age 
of the units is determined. However, these lithologic units are not yet 
known to be persistent, and are not treated as formations, or even as 
members. They evidently represent more or less uniform conditions of 
sedimentation during the time of deposition of a single unit. As the units 
in the area north of Rio Nazas could not be definitely correlated with 
those south of the river, the former are designated by letters, such as 
“Unit A,” and “Unit B,” and the latter by numbers, as “Unit 1,” and 
“Unit 2.” 

The position of the contact between the Aptian and the Neocomian is 
somewhat arbitrarily chosen in these sections, because characteristic fos- 
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sils were not found at close intervals in the transition zone, at the local- 
ities where sections were measured. In all cases, therefore, the base of 
the thick limestone series, which forms approximately the upper half of 
the Lower Cretaceous, is taken as the contact. Below that point, the sec- 
tion is dominantly sandstone and shale. The basal part of the main lime- 
stone unit is regarded as equivalent to La Pefia and Parritas formations, 
and the underlying series, down to the top of the Red Rock Series, as 
equivalent to Las Vigas-Torcer series. Inasmuch as the lithologic units 
north and south of the river are not strictly comparable, the contact may 
not be placed at exactly the same stratigraphic horizon in every section. 
The base of the main mountain-forming limestone is ordinarily a con- 
venient horizon to map, though, where breaks of shale and sandstone are 
locally present, it is not always possible to pick the same horizon as the 
base of the series. 

In the following sections, the numbers in parentheses following a fossil 
name are catalogue numbers in the Museum of Paleontology of the Uni- 
versity of Michigan. 

SECTION ACROSS CUESTA DEL CARBONERO 


General statement.—The section was measured at a point about two 
miles south of Las Cuevas ranch. The thickness of strata was taken with 
a 50-foot tape, beginning at the top and descending through the section. 


Unit A—The top of the section is at the base of a 100-foot cliff of well-stratified 
rock, weathered like limestone. The highest beds measured are gray, calcareous 
sandstones, interbedded with benches of crystalline limestone. Beneath this, and 
exposed in a saddle above the next steep slope, are 30 feet of thin, platy beds of 
yellow, impure, fine-grained sandstone, weathered bright yellow. This rests on a 
bench of gray, calcareous sandstone, weathered medium-gray, like limestone, which 
caps a covered talus slope, 60 feet high. Below this, is about 180 feet of siliceous 
limestone, weathered buff, which forms cliffs alternating with steep slopes. The unit 
is 325 feet thick. 


Unit B—Continuing downward, the next 180 feet consists of shaly sandstone 
partly covered with talus. Below this is about 145 feet of siliceous shale, with a 
4-foot bench of sandstone near its center. In this shale are the stratigraphically 
highest fossils observed in the section. They are fragments of bivalves too poorly 
preserved for identification. At the base, a large silicified coral (16134) was found 
in the float, and Collection A-4 was found in the shale outcrop. Collection A-4 
is the zone of Vermetus cornejoi (15939) and Rhynchonella lacunosa (15940). In 
addition to these were found an echinoid (15933), two species of Gryphea (15936 
and 15938), a Plicatula (15935), and a Terebratula (15934) not specifically identi- 
fied. In the next 195 feet below this horizon are interbedded shaly sandstones and 
shale, near the center of which is a zone with Exogyra (15927) and Gryphea (15926) 
of Collection A-3. Continuing downward in the section is 120 feet of gray shale, 
then an unexposed zone, and then about 150 feet of sandy shale and shaly sandstone. 
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This unit is 738 feet thick and its lithology may be summarized as: interbedded 
gray sandy shale and shaly sandstone, weathered buff. 


Unit C—Unit C consists chiefly of benches of quartz sandstone alternating with 
thicker, concealed strata that produce talus slopes. It extends across the Cuesta 
del Carbonero, where its upper ledge forms a conspicuous bench along the east 
side of the Las Cuevas-Picardias trail, and a lower ledge forms a broken hogback 
strike-ridge, across which is the burro-trail. The upper part of this unit was 
measured by tape, across the trail where it makes a first steep climb coming 
south from Las Cuevas ranch. On the west side of the hogback ridge is a cliff 
of gray and yellow sandstone in beds, 1 to 2% feet thick, with partings of sandy 
shale and thin conglomeratic layers. These sandstones are weathered dark brown. 
On the talus slope below the cliff are small outcrops of gray, blocky shale with a 
bench of coarse conglomerate near the center of the slope. It is made up largely 
of rounded quartz pebbles and contains many specimens of a distinctive, large, 
thick-shelled Ezxogyra (15897), characterized by a high, rounded umbonal crest 
(Collections A-8 and J-3). Beneath this conglomerate is exposed about 35 feet 
of gray, cross-bedded sandstone. West of the hogback ridge the section is concealed 
beneath the valley floor. A concealed interval of about 235 feet was measured 
by tape, across the valley to benches of gray sandstone on the west side. The 
base of Unit C was not reached in this section, though it is exposed on the west 
side of the valley. 


SECTION ALONG CANYON WEST OF TRAIL ACROSS CUESTA DEL CARBONERO 


General statement.—The section was measured by tape traverse along 
the largest cross-canyon, which is about 214 miles southeast of Las Cuevas 
ranch and about midway between the two summits of Las Cuevas-Picar- 
dias trail (Pl. 12, fig. 1). 


Unit C—The highest bed, exposed on the left side of the arroyo near the mouth 
of the canyon, is steel-gray, sandy limestone, alternating with benches of true 
sandstone. Below this, on the right side of the canyon, is 35 feet of fine-grained 
gray or locally greenish sandstone in beds, 2 to 3 feet thick. The underlying beds 
are concealed for a short distance, and then a 15-foot bench of siliceous limestone, 
containing fragments of fossils, crops out. This is the lowest limestone observed 
along the canyon. Uuxder it is about 45 feet of sandy shale and shaly sandstone. 
Then a talus slope conceals about 35 feet of section, below which is 55 feet more 
of sandstone, with a shell bed at its base. This part of the section is on the 
overturned flank of a minor flexure of the Villa Juarez uplift and crops out on a 
steep hillside, cut diagonal to the strike. A Pleurotomaria (15922) was collected 
near the center of the last-named sandstone unit and, a few feet below it, 
Cucullaea (15925) and Lucina aff. coetot (15923). The remainder of the section 
is interbedded gray sandy shale and sandstone, partly concealed by talus on the 
steep hillside. At the base, near the head of the canyon on the left side, is a 
shell marl, made up chiefly of comminuted oyster shells, which yielded Collection 
A-6. It consists of Gryphea sp. (15932), Ostrea sp. (15929), Solenopsis sp. (15931), 
and another unidentified pelecypod (15951). The section along this canyon repre- 
sents about one-third of Unit C, which has a total thickness of 1387 feet. Neither 
the top nor the bottom of the unit is exposed. 
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PLANE-TABLE SECTION ACROSS CUESTA DEL CARBONERO TO SANDSTONE HILLS 
SOUTH OF CANON MARAVILLAS 


General statement.—A plane-table traverse, from the top of Unit C, 
which is east of the Las Cuevas-Picardias trail, across the Cuesta del 
Carbonero to the sandstone hills south of Cafién Maravillas, covered Unit 
C and most of Unit D. The relation of this: plane-table section to the 
two preceding sections measured by tape is shown on Plate 13. As the 
upper 495 feet represents the same outcrops measured by tape at the top 
of Unit C in the first section across Cuesta del Carbonero, the description 
will not be repeated. The gap of 845 feet in the columnar section is due 
to the alluvium-covered valley west of the trail. 


Unit C—The first exposures stratigraphically below this gap are on an isolated 
knoll on the west side of the valley. They consist of dark-gray, fine-grained, fossil- 
iferous sandstone, weathered brown. Casts of the following pelecypods (Collection 
A-13) were collected on this knoll: Pleuromya inconstans (15972), Anatina obliqui- 
plicata (15863), Pholadomya paucicosta (15966), Trigonia vyschetzkit (15868), Tri- 
gonia sp. aff. proscabra (15967), and Pinna quadrifrons (15970). In addition, a gas- 
tropod, Pleurotomaria sp. (15968), and a coral (15969) were collected. 


Unit D—The next lower horizon exposed on the west side of the valley is on the 
right side of the mouth of Cajiédn Maravillas. It is a quartz sandstone, weathered 
dark brown to locally black, characterized by limonite stain speckled through it. It 
contains casts of a small pelecypod similar to Eumicrotis. This horizon marks the 
top of Unit D. 

A small, outlying, hogback at the mouth of Cafién Maravillas, on the south side, 
is capped with white quartz sandstone speckled with limonite stain, which forms 
a dip slope inclined to the northeast. The sandstone contains casts of Trigonia 
and other pelecypods. This ridge is west of, and, therefore, stratigraphically below, 
the knoll where Collection A-13 was made. About 25 feet below the top of the 
exposure is a 1-foot ledge of extremely calcareous, nodular, dark-gray sandstone. 

About 1000 feet southeast of this outlying ridge, the margin of the valley skirts 
the end of another hogback, which is connected with the belt of sandstone hills to 
the west. On the northwest end of this ridge, where the beds dip 63 degrees north- 
east, the outcrop is light-gray, hard, fine-grained sandstone, weathered dark brown. 
Due south, on the same ridge, at a somewhat lower horizon the sandstone contains 
casts of Trigonia, and 20 feet lower in the section is a zone of small Eumicrotis-like 
bivalves (15910) in gray sandstone (Collection A-14). These exposures are on the 
steep northeast flank of a minor, sharp fold on the Villa Juarez uplift. West of this 
ridge, on the opposite side of a small draw, the dip is southwest at a low angle. 
Most of the sandstone benches which crop out here contain casts of pelecypods. All 
these beds belong to Unit D, but its base is not exposed. 


PLANE-TABLE SECTION ALONG THE NORTH SIDE OF CANON MARAVILLAS 


General statement—The lowest section measured in this area is along 
Cafién Maravillas and across the narrow divide at its head. The canyon 
drains about N 50° E directly across the strike of the narrow tongue of 
sandstone ridges that extends northward between Villa Juérez and Las 
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Cuevas ranch, to the south of Rio Nazas. All of Units D and E are in- 
cluded in this section. 


Unit D—On the left side of the mouth of the canyon a prominent ridge is capped 
with dark-gray, calcareous sandstone containing casts of pelecypods, which is the 
top of Unit D. Within 10 feet, this passes downward into whitish quartz sandstone, 
flecked with reddish stain of hematite; beneath which is a thin bed of brown sandy 
shale and then another bench of light-gray sandstone with many casts of pelecypods. 

About 1300 feet northwest along the strike of this ridge, the upper beds have been 
eroded, and a lower bench of dark- to medium-gray sandstone forms a dip slope 
inclined about 16 degrees to the northeast. The sandstone contains casts of Trigonia. 
At the end of the same ridge, 300 feet farther northwest, another dip slope, at some- 
what lower horizon, is formed of hard, quartzitic sandstone, speckled with limonite 
stain. Resting on this is a remnant of an extremely fossiliferous bed, in which the 
shells, mostly pelecypods, have been replaced by black flint. This horizon (Collec- 
tion A-19) yielded Trigonia calderoni (15862), Pleuromya inconstans (15861), Pleu- 
romya sp. (15859), Astarte malonensis (15858), and Arca sp. (15860). 

Along the ridge on the north side of Cafién Maravillas, below the highest sand- 
stone horizon at its mouth, is a bed of ground oyster shell. This rests on a bench 
of medium-gray sandstone, flecked with limonite stain, and beneath that is 10 feet 
of greenish shaly sandstone. The section is covered for 15 feet, and then about 5 feet 
of fine-grained, greenish-gray, smooth sandstone crops out. The next 5 feet is cov- 
ered, and then there is a bench of white, coarse, conglomeratic sandstone, speckled 
with limonite stain. It contains quartz pebbles, up to 2 inches in diameter. This 
passes downward into hard, fine, quartz sandstone, stained with much limonite. 
Then there is a bed of greenish-gray, fine-grained sandstone, weathered dark reddish- 
brown to locally black. The next 245 feet is made up of dark-gray and buff ferrugi- 
nous sandstone and sandy shale with stringers of white quartz sandstone, in benches 
about 4 feet thick. Most of these beds contain abundant casts of pelecypods. At 
the base, white sandstone is exposed for 25 feet, followed by 20 feet of covered 
section. Then brown, earthy sandstone crops out, passing downward again into 
light-gray quartz sandstone. 

In a saddle, or gap, at the southwest end the ridge that forms the northwest side 
of Cafién Maravillas, a shale bed crops out. This is overlain by white sandstone, 
which forms the hillside at the base of the section just described, and is underlain 
by a similar sandstone. From this gap, the edge of the canyon swings southeast 
about 1500 feet, and the canyon itself becomes much narrower. The ridge at the 
beginning of this narrow part of the canyon is made up of the same white sand- 
stone, here speckled with yellow limonite and black dendritic lines. It weathers 
fairly soft, with rounded surfaces, and light-gray to locally rusty brown. 

About 250 feet farther west along the same ridge is a dark-gray, nodular, lime- 
stone unit, about 25 feet thick, underlain by 5 to 10 feet of green and gray shale. 
Erosion has formed a saddle along these softer beds in the ridge at this point. The 
limestone contains casts of large ammonites and poorly preserved pelecypods (Col- 
lection A-16). Simbirskites (?) sp. (15950), and Neocomites (?) praeneocomiensis 
Burckhardt (15961) were collected here. 5 

Below is sandy shale interbedded with benches of pure quartz sandstone; then, 
white, conglomeratic sandstone, underlain by white, non-calcareous shale, contain- 
ing a few impressions of small pelecypods. In dark-gray, sandy and marly lime- 
stone, beneath, was found a poorly preserved belemnite. This is stratigraphically 
the lowest fossil observed in the section. Below this the following lithologic succes- 
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sion obtains: hard, dark-gray limestone; gray and brown sandy shale; a bench of 
ferruginous, quartz sandstone; white quartz sandstone, speckled with limonite stain, 
and extremely conglomeratic at top. The next 125 feet of section, from top to bot- 
tom, consists of: white quartz sandstone, flecked with limonite stain and weathered 
with pitted surface; light-green, quartz sandstone; and, finally, white quartz sand- 
stone. This is the base of Unit D, which is 1435 feet thick and is characterized by 
a dominance of white to light-gray quartz sandstone, flecked with yellow or brown 
limonite stain. The sandstones are locally conglomeratic, and a few layers of shale 
and shaly sandstone are interbedded with them. Pelecypods, preserved as casts, are 
common. 


Unit E—At the top of Unit E is a 2-foot bed of red, sandy shale. Below this 
the section is largely arkose or arkosic sandstone, with several beds of agglomerate. 
Three hundred feet below the top, a unit of white, quartz sandstone, speckled with 
limonite stain, begins. It is about 225 feet thick. The next 420 feet is interbedded 
white sandstone and arkose. Then, at the base of Unit E, is a 10-foot basal conglom- 
erate made up of coarse, rounded and subangular pebbles of gray and red sandstone, 
gray limestone and red andesite (PI. 9, fig. 2). Unit E is 960 feet thick. It rests 
on a Red Rock Series exposed at the center of the Villa Juarez uplift. 


SECTION ON THE WEST SIDE OF THE SIERRA DE MAPIMi 


General statement.—From Puerto de Soldados southeast, nearly to the 
Rio Nazas, the strata exposed along the west side of the Sierra de Mapimi 
dip northeast toward the mountain range. This has produced a series of 
cuestas with steep western flanks and short, gentler eastern sides formed 
by the dip slope of some resistant ledge. A thick section of sandstones 
and shales of Las Vigas formation is exposed below the mountain-form- 
ing limestone of the central, and highest, part of the range. This section 
was measured by tape and compass traverse along the largest canyon, 
which cuts across these strike-ridges, about half a mile south of the west- 
ern entrance of Puerto de Soldados. 


Unit 1—At its head, the canyon begins in a nearly vertical escarpment, cut as a 
\V-shaped notch in the western edge of the mountain-forming limestone. Below 
the highest point to which one could easily climb, this cliff consists of dark-gray, 
hard limestone in beds, 1 to 4 feet thick, which alternate with thin layers of marl 
(Pl. 7, fig. 1). About 25 feet below that point is a bed of ground-shell limestone 
with ‘a one-foot layer of marl at its base. Two specimens of a single species of 
Pholadomya (15916) were collected from this marl (Collection J-11). The lithologic 
succession in the 225 feet below this horizon is: dark- and medium-gray, hard lime- 
stone; a bench of yellow, impure limestone; pink and yellowish light-gray, hard 
limestone in beds, 1 to 3 feet thick; a bench of limestone containing comminuted 
shells; a layer of yellow, sandy, hardened shale; yellow sandstone and limestone 
in beds, 3 to 5 feet thick, weathered yellow, with somewhat shaly appearance, and 
alternating with thinner layers of shale; a bed of yellow sandstone; yellow lime- 
stone; 15 feet of concealed section; a 2-foot layer of gray, fine-grained sandstone; 
thin beds of yellowish-gray sandstone with partings of light-green siliceous shale 
and fine sandstone; gray, pink, and y«llow limestone beds, 2 to 12 inches thick, with 
some ledges of sandstone and partings of green and gray sandy shale; a 2-foot bed 


t 


1058 EVOLUTION OF THE COAHUILA PENINSULA, MEXICO 


of dark-red, fine sandstone; yellowish-gray siliceous limestone in beds, 1 to 3 feet 
thick; and a 3-foot bed of light-gray, fine, hard sandstone, weathered brown and 
green (PI. 7, fig. 2). These beds make up Unit 1, which has a measured thickness 
of 248 feet. It is in the lower part of the Aptian-Albian series, but the single fossil 
found is not sufficiently diagnostic to determine the stratigraphic horizon. 


Unit 2—Below Unit 1, there is a marked change in lithology. Unit 2 comprises 
112 feet of fine-grained red sandstone, interbedded with reddish gray arkose and 
partings of sandy red or locally green shale. These beds are best exposed along the 
right side of the canyon. Plate 8, figure 1, shows the contact between Units 1 and 2. 


Unit 3—The next series of strata downstream, along the right side of the canyon, 
consists of thin beds of limestone. At the top, it is light-gray on a fresh surface, 
and on the outcrop is weathered yellow in thin, shattered ledges. Below this, the 
section is largely covered by talus for some 60 feet, but the float on these slopes 
is limestone, and locally thin beds crop out. Then an escarpment is formed by 
light-gray limestone in beds, 2 to 12 inches thick, weathered buff (Pl. 7, fig. 3). At 
its base are two ledges of greenish-gray limestone, weathered brown, interbedded 
with green and gray shale; then a foot of medium-gray limestone, succeeded by 2 
feet of yellow quartz sandstone, weathered buff. The next 100 feet is light-gray, 
hard limestone in beds, 1 to 3 feet thick, which alternate, in the upper half, with cal- 
careous shale. Below these buff-weathered limestones, the section is concealed for 
nearly 60 feet. For some distance downstream, the strata are best exposed on the 
left side of the canyon. The lithologic succession in the next 95 feet of section 
is: thin ledges of yellowish-gray limestone; a bench of quartz sandstone; 67 feet 
of gray siliceous limestone in beds, 6 to 18 inches thick. Unit 3, to which these 
beds belong, is 335 feet thick, composed chiefly of limestones. 


Unit 4—Unit 4 is composed of gray and red arkose, siliceous buff, gray and green 
limestone with local partings of shale and some ledges of quartz sandstone. Along 
the left side of the canyon, the following beds are exposed, comprising 187 feet of 
section: a member of quartz sandstone; arkosic sandstone in beds, 3 feet thick, with 
local shale partings; 13 feet concealed; ledges of green, yellow, and gray limestone 
in successive beds, weathered buff; 3 feet of dark, ashy-looking limestone, thinly 
laminated with shale; light-gray siliceous limestone; a ledge of yellowish-gray quartz 
sandstone; 6 feet concealed; then, medium-gray limestone, weathered buff; whitish- 
gray arkose; 30 feet concealed; 12 feet of coarse, red, arkosic sandstone, grading 
downward into coarse arkose conglomerate; 10 feet concealed; 4 feet of arkosic 
sandstone; 7 feet concealed; and 27 feet of white, yellow, and red arkosic sandstone, 
with 2 feet of greenish quartz sandstone. Below this point the section is best ex- 
posed on the right side of the canyon. It is partially covered, but the outcropping 
beds consist of light-gray arkosic sandstone, red shale, and then 87 feet of lime- 
stone at the base of Unit 4. The limestone is hard and siliceous at the top, becom- 
ing marly at the base. Unit 4 is 325 feet thick. 


Unit 6—Unit 5 has a total thickness of 1300 feet, but less than half of it is ex- 
posed along the canyon. It consists of cliffs of gray, hard, quartz sandstone, alter- 
nating with talus slopes on which layers of shale and shaly sandstone are locally 
exposed. Greenish-gray, coarse arkose is the lowest outcropping rock. Just above 
the lowest sandstone escarpment, to the left of the mouth of the canyon, is the 
horizon of Vermetus cornejoi (15802) and Rhynchonella lacunosa (15820). This is 
the most prolific fossil locality, both in species and in number of specimens, en- 
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countered in the area (PI. 8, fig. 2). In addition to the zone fossils mentioned, the 
following forms were collected: Plicatula sp. (15803 and 15808), Plicatula variata 
(15815), three species of Exogyra (15816, 15818, 15824), four species of Gryphea 
(15805, 15807, 15810, 15826), Lima sp. (15627), Alectryonia sp. (15813), Pinna quadri- 
frons (15821), Crassatellites sp. (15830), Pecten insutus (15825), Cucullaea catorcensis 
(15822), Turbo sp. (15817), gastropod (15809), echinoid fragment (15852), Lytoceras 
sp. (15823), and fragments of another large ammonite (15832). 


GENERAL STRATIGRAPHIC RELATIONS 


In the Nazas valley between Torreén and Villa Judérez, 7000 to 8000 
feet of stratified rocks are exposed on the northeast flank of the Villa 
Juarez uplift. At least 6500 feet of this section is of Lower Cretaceous 
age. At the base are red lavas of probable pre-Cretaceous age, and at 
the top are conglomerates of late Cretaceous or Tertiary age. The basal 
formations are exposed only near the center of the Villa Juarez uplift; 
those higher in the section are widely distributed. Six sedimentary forma- 
tions have been recognized and mapped. They are, beginning with the 
lowest: (1) a Red Rock Series, (2) the Torcer-Las Vigas formation, (3) 
the Aptian-Albian limestone, (4) the Cenomanian-Turonian shale and 
limestone, (5) the Upper Cretaceous or Tertiary conglomerates, and (6) 
the alluvium and valley fill, of Quaternary age. Within the Lower Creta- 
ceous formations, a number of well-defined faunal horizons have been 
found. 

Red lavas, shales, and sandstones, of the age and type exposed near 
Villa Juérez, at the base of the Neocomian, have been observed in two 
other uplifts of this part of the country: the Sierra de Jimulco and the 
Sierra del Rosario. They are especially significant, because they record 
an early period of vulcanism in the Mesozoic of northern Mexico. The 
outpourings of lava, which took place at this time, must have contributed 
notably to the subsequent clastic sediments. The basal beds of the ma- 
rine Neocomian in this area are largely derived from the underlying lavas, 
and it is probable that units higher in the section are from the same source. 

The stratigraphy of the mountains west of the Laguna District is of 
unusual interest, also, because the area lies in the neritic zone of the Neo- 
comian (Lower Cretaceous) sea. These mountains, southwest of the 
shoreline, provide exposures of marine Neocomian rocks nearest to the 
margin of the continental mass, exposed in Las Delicias Valley and in the 
Sierra de Acatita. These areas are about 65 miles apart (Fig. 2). In the 
Neocomian strata in the mountains west of the Laguna District, few un- 
decomposed clastics of the old land surface were recognized, except the 
arkoses in the basal part of the section squth of Rio Nazas and minor 
amounts at higher horizons north of the river. These are fine-grained 
and do not show any striking resemblance to the igneous rocks in the 
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Paleozoic section at Las Delicias. The section west of the Laguna Dis- 
trict is made up chiefly of quartz sandstones, which are rarely conglom- 
eratic, sandy shales, and siliceous limestones. These sediments were prob- 
ably brought into the Neocomian sea from the continent to the north. 

In the San Marcos Valley of central Coahuila, 55 to 60 miles northeast 
of Las Delicias, coarse clastics in the Neocomian section contain igneous 
and metamorphosed sedimentary rocks, which are identical with those of 
the pre-Cretaceous section exposed in the Sierra de Acatita. It can be 
said with some assurance that here is the source of the San Marcos Neo- 
comian clastics. Probably the shoreline was much nearer to the San 
Marcos area than the present limited outcrops of the ancient continental 
mass would suggest. One would expect to find such enormous quantities 
of extremely coarse unaltered sediments only close to the source. The 
contrast between the lithology of the Neocomian section of the San Marcos 
Valley and that of the mountains west of the Laguna District implies that 
the latter area was much farther from the shoreline, or that the sediments 
were derived from some other part of the land, than that which has been 
observed to the northeast. 

Another regionally important stratigraphic comparison is the change in 
facies of the Aptian-Albian limestone across the Laguna de Mayran 
(Fig. 2). In the Sierra del Sobaco and the Sierra de Tlahualilo, on the 
north side of the Laguna District, a thick series of gypsum beds com- 
prises the middle portion of the Aptian-Albian sequence separating two 
limestone members. This gypsum facies is believed to have been de- 
posited in lagoons along the margins of the sea, where the contiguous 
land surface was of low relief and perhaps formed of limestones that 
contributed little clastic material. Gypsum is entirely absent in the 
Sierra de Mapimi and in the ranges southwest of Torreédn. Here the 
Aptian-Albian is made up of limestone, with partings of shale, and some 
interfingering sandstones in the basal part. The facies indicates condi- 
tions off-shore, where marine currents prevent super-saturation and con- 
sequent saline deposition due to evaporation. 

The transgressive character of the Mesozoic seas is well shown by these 
relationships. Fossiliferous marine Upper Jurassic sediments, which are 
well developed in the Sierra de Jimulco, southeast of the area covered by 
this report, are not present in the Villa Juarez uplift. Perhaps the Red 
Rock Series at Villa Juarez represent non-marine conditions in that area, 
contemporaneous with the Upper Jurassic sea to the south. In any case, 
the Jurassic sea that covered the Sierra de Jimulco region did not invade 
as far north as the Nazas Valley east of the Sierra de Hispafia. 

Oscillations of the shoreline in the Sierra de Jimulco area are further 
suggested by the deposition of highly gypsiferous shales in late Upper 
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Figure 1. Dinamitra 
View S 77° W from the limestone rim at mouth of Cafién del Salto. 


Ficure 2. Rincon DE SAN ALEXANDRO 
View S 36° E. The sharp peak at the right center is Picacho de Acatita; the one at the left is Picacho 
del Culto. These are limestone peaks on the rim of the Sarnoso intrusive. 
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Ficure 1. Norra END 
View S 29° E. The mining camp of Ojuela is in the saddle near the center of the picture. The high, 
steep escarpment (right) is the Bufa de Mapim{. The ridge at the left is La Bufa Chica. 


Figure 2. La Bura 
View S 39° E. North end of sharp fold in Lower Cretaceous limestone. 
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Jurassic time and also in the Neocomian. The presence of a thick section 
of Neocomian sandstones and shales in the mountains west of the Laguna 
de Mayran and their complete absence in Las Delicias area, to the north- 
east, limits the position of the shoreline of that period between those two 
points. In Aptian-Albian time the almost uniform limestone deposition 
west of the Laguna, and the highly gypsiferous facies formed in the vicin- 
ity of Las Delicias and Acatita, indicate that the shoreline had moved 


northward beyond the latter area. 


JURASSIC FORMATIONS 
RED ROCK SERIES (UNIT F) 


Areal distribution and topographic expression—West and south of 
Villa Juarez, a belt of hills, formed chiefly of bright red rocks, extends 
northwest across the Nazas Valley. The highway to Mazatlan skirts 
these hills on the northwest. They extend southeast to a point about a 
quarter mile beyond the top of the pass on the Villa Judrez-Picardias 
wagon road—a distance of nearly 8 miles. The Rio Nazas has cut a nar- 
row pass through these hills, and the railroad, which follows the river 
valley, is built along the edge of the outcrops between Rancho Monterrey 
and Villa Juarez. This belt is over a mile wide along the highway and 
approximately 214 miles wide near its southeast margin. At its widest 
part, about 2 miles south of Villa Juarez, it is nearly 4 miles across. 
Northwest of the highway, the belt of hills continues, but is formed by 
coarse, gray conglomerates of late Cretaceous or Tertiary age. The 
underlying red rocks crop out only locally along the margins of the hills 
at the base of the conglomerates. 

From the highway, southeast to Villa Judérez, and 11% miles beyond, 
the belt of red hills is bounded on the northeast by the alluvial plain of 
the Nazas Valley. The same plain bounds the hills on the west for a dis- 
tance of 4 miles, from the highway to the mouth of Arroyo del Sabino. 
On the south side of the belt, also, the hills descend to an alluvial plain, 
which is connected with the floodplain of Rio Aguanaval. The drainage 
divide of tributaries that flow northwest to the Rio Nazas and southeast 
to Rio Aguanaval is near the southern margin of this belt. The Cafién 
de Monterrey, which extends southeast from Monterrey ranch for nearly 
21% miles, cuts across the belt of red rocks and opens into the plain along 
the eastern side of the hills. It has a drainage divide near the center, but 
the waters falling on either side ultimately reach the Rio Nazas. 

In its widest part, between 2 and 4 miles south of Villa Judérez, this 
belt extends from the foothills of the Sierra de Hispaiia, on the southwest, 
to the prominent sandstone strike-ridges of the Torcer-Las Vigas series, 
on the northeast. The physiographic expression of the Red Rock Series 
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is characterized by hills of moderate relief, with steep slopes and narrow, 
rocky canyons. The hills constitute a belt of rough, barren, uninviting 
country (Pl. 12, Fig. 2). The altitude of the hills, however, is lower than 
that of the contiguous terrane to the northeast and to the southwest. 


Lithology.—The rocks that comprise the Red Rock Series are largely 
lavas, extruded on a pre-Cretaceous land surface or in a shallow sea. 
They are interbedded with red shales and sandstones, derived chiefly from 
the lavas. Most of the lavas are dark red and have a compact texture, 
with white feldspar phenocrysts. Under the microscope, they show many 
plagioclase phenocrysts, with low extinction angles. Altered brown olivine 
crystals also occur as phenocrysts. The rock is altered in places to cal- 
cite, epidote, and serpentine. It is probably an andesite, although grada- 
tion into a more basic type is not precluded. The lavas are jointed and 
locally appear to be bedded. The planes, however, are neither smooth 
nor parallel, and they terminate horizontally in massive rock. Such mas- 
sive, red, igneous rock locally grades into shaly beds that weather into 
pencil-like fragments. A less common type of rock is a gray porphyry 
with white phenocrysts in a compact groundmass. Under the microscope, 
these phenocrysts are seen to be plagioclase and quartz. The rock is 
probably a latite or a quartz dacite. Superficially, it resembles limestone. 
It is of local distribution and seems to have been deposited in irregular 
depressions on the surface of the red lavas or shales. It is more resistant 
to weathering than most of the associated rocks and tends to cap small 
knolls and ridges. Its irregular distribution, in small masses at different 
elevations, indicates that it was not deposited as a continuous flow over 
the entire area. Possibly, it represents a local differentiation of the red, 
porphyritic lavas. Masses, 20 to 50 feet thick, are underlain and over- 
lain by red shale or red igneous rock. Sandstones, in some places inter- 
bedded with the shales and lavas, are characteristically fine-grained. 
They consist of feldspar or red lava grains, of uniform size and firmly con- 
solidated. One specimen examined in thin section showed a reworked 
acid to intermediate igneous rock, probably altered in place or trans- 
ported only a short distance from its parent lava. Plagioclase is abundant, 
and some of the quartz grains are slightly rounded. Secondary calcite 
has developed. In this series of fine-grained rocks it is difficult, in many 
eases, to distinguish the igneous from the sedimentary rocks. 


Thickness and stratigraphic relations.—The total thickness of the Red 
Rock Series outcropping in the vicinity of Villa Juarez is estimated to be 
between 500 and 1000 feet. The base, however, is not exposed. They are 
overlain disconformably by the Torcer-Las Vigas series and appear to 
have approximately the same dip and strike. A basal conglomerate of 
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Las Vigas, locally developed, is composed, in large part, of pebbles and 
cobbles of the porphyritic rocks of the Red Rock Series. 


Age.—The age of this lowest exposed formation is not known. No fos- 
sils were found in these beds. Their position, disconformably below the 
Neocomian Torcer-Las Vigas series, and their non-marine character sug- 
gest that they are pre-Cretaceous. The fact that they are parallel to the 
Cretaceous indicates that no important period of diastrophism separates 
them. They are tentatively regarded, therefore, as continental deposits 
of Jurassic age. 


LOWER CRETACEOUS FORMATIONS 
TORCER—LAS VIGAS SERIES 


Use of formation names.—Las Vigas formation was first described by 
Burrows,‘ in 1910, in the valley of the Rio Conchos of northern Chihua- 
hua, where it overlies the Upper Jurassic Plumosas formation and under- 
lies the Cuchillo formation of Gargasian and basal Albian age. 

Burckhardt * states that the copper-bearing sands of Las Vigas are 
poor in fossils, but are referred to the Neocomian and Lower Aptian, be- 
cause they underlie the Gargasian beds with Dufrenoya. In a correlation 
chart,® he indicates that they represent the Hauterivian, Barremian, and 
lower Aptian. 

Adkins, in describing Las Vigas formation in the southern Quitman 
Mountains of Texas, states that its correlation with Burrows’ Las Vigas 
formation is not well established, because of lack of fossil evidence, but 
that this is the nearest lithologically similar formation to which it can be 
referred. It is overlain by lowermost Albian deposits of the Cuchillo for- 
mation, which yielded Parahoplites, Douvilleiceras, a large ammonite, 
and various T'rigonia. 

In his correlation chart, Adkins’? places Las Vigas above the Torcer 
formation and below the Cuchillo formation. In describing the rock sec- 
tions where these formations are known, however, he shows that Las 
Vigas and the Torcer have not been recognized in the same section and 
that each formation overlies Jurassic rocks and directly underlies the 
Gargasian. The name Torcer is used by Adkins ® to include the Creta- 
ceous portion of Cragin’s “Malone formation.” It is mostly Valanginian 
in age, as indicated by the presence of Astieria, Trigonia, and Ptychomya. 


#R. H. Burrows: Geology of northern Mezico, Soc. Geol. Mex., Bol., tomo VII, Iera parte (1910) 
p. 93. 

5 Carlos Burckhardt: Etude synthétique sur le Mésozoique mezicain, Soc. Paléont. Suisse, Mém., 
vol. XL-L (1930) p. 147. 

6 Op. cit., opp. p. 160. 

7 Walter S. Adkins: The Mesozoic systems in Tezas, in The geology of Texas, vol. 1, Stratigraphy, 
Univ. Texas Bull., no. 3232 (1932) p. 271. 

8 Op. cit., p. 286. 
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However, it is believed that further search will reveal more fossils of 
Valanginian and other Cretaceous ages. 

The limits of the Torcer and Las Vigas formations are not well defined, 
and it is highly probable that they were, in part, deposited contemporane- 


ously. 


Areal distribution and topographic expresston.—The Torcer-Las Vigas 
series crops out in four areas in the mountains west of the Laguna Dis- 
trict: (1) southeast of Villa Juarez, (2) northeast of La Goma station, 
(3) north of hacienda El Rayo, along the western side of Sierra de Mapimi, 
and (4) in the Lomas Coloradas. Southeast of Villa Juarez, the Torcer- 
Las Vigas sandstones form a belt, 114 miles wide, which begins a mile east 
of the town and extends southeast for 714 miles. This belt is on the north- 
east flank of the Villa Juarez uplift, and its topography is characterized 
by a series of cuestas, which strike N 50° to 70° W, and are capped by 
resistant sandstone benches, dipping northeast at 15 to 60 degrees (PI. 
12, fig. 1). On the northwest and southeast, the Torcer-Las Vigas series 
is bordered by alluvial plains, where narrow, strike-canyons, cutting head- 
ward from the valleys of Rio Nazas and Rio Aguanaval, have etched out 
the more resistant sandstone ridges. A continuous cuesta, overlooking the 
red lava area to the west, forms the southwest margin of this belt. It 
is bordered along the northeast side by a higher escarpment of Aptian- 
Albian limestone. 

A narrow belt of the Torcer-Las Vigas series is exposed at the north- 
west end of the Sierra de Hispafia, about a mile east and northeast of La 
Goma station. The Nazas Valley makes an arcuate notch in the Aptian- 
Albian limestone forming the top of the steep escarpment. The upper 
part of the Torcer-Las Vigas series crops out on the slopes below (see 
Plate 13). Shales and sands of the lower formation weather buff and 
contrast with the gray limestone. 

On the western side of the Sierra de Mapimi, north of El Rayo, the 
Torcer-Las Vigas formation occupies an area that is structurally and 
stratigraphically continuous with the belt of sandstone cuestas southeast 
of Villa Juarez. The broad floodplain of the Rio Nazas, which crosses 
the strike of these beds, has concealed the intervening portion, thereby 
separating the two areas. From Puerto de Soldados southeast for 3 miles, 
a single cuesta forms the western margin of the Sierra de Mapimi. This 
is separated at its southern end, from the main mass of the range, by a 
strike-valley nearly a mile wide, which merges, on the southeast, into the 
Nazas Valley. At the head of the former, parallel cuestas of Las Vigas 
formation rise, one above the other, and connect, to the northeast, with 
the main mass of the Sierra de Mapimi, formed by the Aptian-Albian 
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Figure 1. CONTACT BETWEEN UNIT 1 AND UNIT 2 
Section measured on west side of Sierra de Mapim{ about half a mile south of Puerto de Soldados. 
(See Plate 14.) 


Figure 2. Lower PART OF UNIT 5 
~ Near base of section, measured on west side of Sierra de Mapim{. (See Plate 14.) Highly fossiliferous 
Neocomian shale and shaly limestone. 
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limestone; \V-shaped canyons, draining southwest, cut across these strike 
ridges. 

The Torcer-Las Vigas series is well exposed along the western half of 
the Puerto de Soldados, especially on the north side, where it forms 
cuestas striking to the northeast. In Cafién Colorado, excellent outcrops 
of the Neocomian sandstones and shales dip upstream. Northwest of 
Puerto de Soldados, to the foot of Picacho de la Iglesia, a horseshoe- 
shaped basin, eroded through the Aptian-Albian limestone, has the under- 
lying Torcer-Las Vigas series exposed around its margins. 

The Lomas Coloradas, on the west side of the Sierra de Mapimi, north- 
east of Jacales, are formed by sandstones and shales of the Torcer-Las 
Vigas series. The belt has an area of approximately two square miles. 
Conformable below the Aptian-Albian limestone is about 1000 feet of 
quartz sandstones and sandy shales, with several small sills of dioritic 
igneous rock. No fossils were found in these beds, but their stratigraphic 
position beneath the Aptian-Albian, as well as their lithologic similarity 
to Neocomian strata exposed in Puerto de Soldados, 14 miles farther south, 
is the basis for regarding them as the upper part of the Torcer-Las Vigas 
series. In the other section measured on the west side of the Sierra de 
Mapimi, south of Puerto de Soldados, no fossils were discovered in the 
upper 1500 feet of the Torcer-Las Vigas series. 


Unit E.—The lowest lithologic unit of the Torcer-Las Vigas series consists chiefly 
of vari-colored arkose and arkosic conglomerate. It is exposed only south of the 
Rio Nazas, contiguous to the eastern margin of the Red Rock Series southeast of 
Villa Juérez, and was studied in detail only along Cafién Maravillas and in the ridge 
that forms the divide at the head of that canyon. It comprises most of the narrow 
tongue of Las Vigas formation that extends northwest, to a point a mile east of 
Villa Juérez. At its base, east of the Villa Judrez-Picardias trail, about 150 yards 
north of the divide, is a basal conglomerate, 10 feet thick, which rests on red shale 
(Pl. 9, fig. 2). The conglomerate has rounded and subangular pebbles, up to 
three inches in diameter, of gray and red sandstone, gray limestone, and andesite. 
Its contact with the underlying Red Rock Series is probably disconformable, for 
the conglomerate is not at the base of Las Vigas formation everywhere. This basal 
conglomerate grades upward into alternating layers of quartz sandstone and thinner 
layers of coarse conglomerate. Near the center of Unit E is a member, 125 feet 
thick, of white, quartz sandstone, speckled with brown limonite. Below this, are 
several thinner ledges of similar sandstone, interbedded with the arkose. No fossils 
were found in this unit, but its position, conformably beneath fossiliferous Neocomian 
strata, and the presence of the white sandstones speckled with limonite, in both 
Unit D and Unit E, imply continuous deposition, with only minor change in environ- 
ment during the time that these two units were being formed. Unit E is, there- 
fore, regarded as of Neocomian age. 

The lithology of the strata of Unit E indicates a transgression of the early Neo- 
comian sea across a land composed of lavas, limestones, and sandstones. The 
streams that flowed into the sea across this land brought coarse sands, composed, 
in part, of rounded fragments of igneous rock. The arkose beds indicate rapid 
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accumulation under conditions that did not permit their decomposition. The beds 
of white sand may indicate periods of stationary sea level, when the margin of the 
sea ceased to advance, when deposition was slower, and decomposition of the feld- 
spars took place, permitting the accumulation of quartz sands. Another interpreta- 
tion of these sands is that they represent a reworking of sandstones of an earlier 
geologic period, exposed to erosion on the surface of the land that contributed mate- 
rial to the early Neocomian sea of eastern Durango. The coarse texture of the 
material in Unit E indicates the presence of strong currents, which carried away 
the muds, to be deposited in less agitated waters. 

A 2-foot bed of dark-red, sandy shale at the top of Unit E may mean temporary 
emergence in a warm, moist, subtropical climate, or, at least, deposition under 
oxidizing conditions such as would not be found in the ordinary marine environment. 


Unit D—Conformably above Unit E are 1435 feet of white to light-gray quartz 
sandstone, commonly flecked with yellow and brown limonite. It is in thick benches, 
is locally conglomeratic, and in the upper part has some layers of sandy shale inter- 
bedded. Relatively thin limestone members are present at two horizons; one, about 
350 feet, and the other 575 feet, above the base. These strata are exposed only 
southeast of Villa Juérez. They comprise the lower half of Cafiédn Maravillas and 
include all the small sandstone knolls, exposed as inliers in the Quaternary alluvium; 
along the western side of the broad valley south of Las Cuevas ranch and south- 
west of Cerro del Buey. They also form the more inaccessible portion of the sand- 
stone hills west of the trail across Cuesta del Carbonero. 

Unit D contains a pelecypod fauna in which the genus Trigonia is conspicuous. 
Imperfect casts are common, and identifiable fossils were collected at several hori- 
zons. A poorly preserved belemnite was found in the lower limestone member, 355 
feet above the base. This was the lowest horizon at which organic remains were 
noted. Another, and more important, faunal zone is 225 feet stratigraphically higher, 
in the upper limestone member on the north side of Cafién Maravillas, about mid- 
way between its mouth and the divide at its head. This horizon yielded several 
large ammonites and a few weathered casts of pelecypods. In Collection A-16 is 
Simbirskites (?) ef. beyrichi Koenen (15950), Neocomites (?) praeneocomiensis 
Burckhardt, and other ammonites. 

A zone of Eumicrotis sp. (15910) in gray sandstone is approximately 72 feet above 
the Neocomites horizon. It is present at the margin of the belt of hills and on out- 
lying knolls south of Cafién Maravillas. Eumicrotis is abundant at this horizon, 
preserved with the shell replaced by silica. Belemnites, Pinna, and several genera 
of pelecypods are associated. 

The sandstone, 130 feet below the top of Unit D, contains a fauna of large pelecy- 
pods with the shells preserved commonly as flint or as sandstone casts. Collection 
A-19, made near the end of a ridge, a quarter of a mile north of Cafién Maravillas, 
at the margin of the belt of sandstone hills, contains Trigonia calderoni Castillo and 
Aguilera (15862), Pleuromya inconstans Castillo and Aguilera (15861), Pleuromya 
sp. (15859), Astarte malonensis Cragin (15858), and Arca sp. (15860). This horizon 
also caps a small cuesta on the south side of the entrance to Cafién Maravillas, 
where Collection J-6 consisted of Astarte malonensis Cragin (15855), Trigonia 
vyschetzkii Cragin (15856), Trigonia calderoni Castillo and Aguilera (15854), and 
Pleuromya inconstans Castillo and Aguilera (15853). Essentially this same assem- 
blage cccurs at higher horizons in Unit C. 

Two distinct faunal zones are present in Unit D. The lower one contains Neo- 
comites (?) praeneocomiensis, a fossil described originally from the Berriasian of 
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San Pedro del Gallo, Durango, and characteristic of that horizon. The higher one 
contains the Valanginian bivalve fauna of Malone, Texas. Unit D is, therefore, 
Berriasian-Valanginian in age, and the contact between these two stages falls some- 
where in the upper part of the Unit. 


Unit C_——Unit C is 1387 feet thick and consists of benches of quartz sandstone, 
locally conglomeratic, alternating with sandy shale in the lower half and with several 
benches of siliceous limestone near the center. In the upper half, the sandstone 
benches alternate with talus slopes, which conceal the intervening rock. These 
strata, like the older units already described, crop out only in the area south of 
Rio Nazas. They form the Cuesta del Carbonero, the hills immediately west of Las 
Cuevas-Picardias trail, and the basal part of the ridge east of the trail, to the north 
of the divide on the cuesta. 

Large Exogyras and casts of other pelecypods are common in the sandstones 
throughout this unit. Well-preserved fossils were collected at six horizons. The 
lowest, 50 feet above the base, contains Trigonia vyschetzkit Cragin (15868), T'r7- 
gonia calderoni Castillo and Aguilera (15867), Trigonia sp. aff. proscabra Cragin 
(15967), Pholadomya paucicosta Cragin (15666), Pleuromya inconstans Castillo and 
Aguilera (15972), Pleuromya sp. (15864), Anatina obliquiplicata Cragin (15863), 
Astarte malonensis Cragin (15965), Lucina sp. (15871), Pinna quadrifrons Cragin 
(15970), Pleurotomaria.sp. (15968), and a coral (15969). This is Collection A-13, 
from an outlying knoll opposite the mouth of Cafién Maravillas, on the west side 
of the valley leading south from the railroad to the Cuesta del Carbonero. 

Approximately 140 feet stratigraphically higher, a bed, mostly of comminuted 
oyster shells, crops out near the head of a large eastward-draining canyon whose 
mouth is just west of the Cuesta del Carbonero. This horizon yielded Solenopsis 
sp. (15931), Ostrea sp. (15929), and Gryphea sp. (15932). On the hillside above this 
bed, and about 185 feet higher in the section, sandstone beds on edge contained 
Cucullaea sp. (15925) and Lucina aff. coetoi Castillo and Aguilera (15923) of collec- 
tion A-7. At the same locality, 8 feet stratigraphically higher, a single specimen, 
Collection J-2, Pleuromya sp. (15922) was obtained. The next fossiliferous horizon 
is 575 feet above this. It crops out on an isolated sandstone hill, three-quarters 
of a mile north of the mouth of Cafién Maravillas. Here, Collection A-20 was made, 
including Pleuromya inconstans Castillo and Aguilera (15911) and Gryphea sp. 
(15912). The highest faunal zone, where Collections A-8 and J-3 were made, is 368 
feet below the top and 52 feet above the horizon of A-20. Here, numerous speci- 
mens of a large, thick-shelled Erogyra (15897) were found in a conglomerate of 
quartz pebbles. 

This bivalve fauna, which occurs in Unit C and the upper part of Unit D, is closely 
related to the Malone fauna of Texas. As shown by Adkins, Kitchin, and others, 
the Cretaceous portion of the Malone beds is mostly Valanginian in age. Adkins 
called this the Torcer formation. 


Unit B and Unit 5—Above Unit C, the next 738 feet is dominantly sandy shale 
and shaly sandstone, comprising Unit B. These strata or their equivalent are present 
on both sides of the Rio Nazas valley. North of the river, on the western side of 
the Sierra de Mapimi, they are represented by the lower part of Unit 5, comprising 
the long westernmost cuesta, which extends southeast from Puerto de Soldados, and 
other smaller cuestas within the Puerto along its north side. South of the river, 
they form the steep bluffs east of the Cuesta del Carbonero. In the basal part of 
Unit 5 are beds of greenish-gray arkose and arkosic sandstone, not recognized in 
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Unit B south of the river. At Kilometer 719 on the Mazatlan highway, arkosic sand- 
stone forms an isolated knoll on the north side. It contained Pinna quadrifrons 
Cragin (15913) and Belemnites sp. (15914) of Collection A-33. About 375 feet above 
the base of Unit B, in the bluffs to the east of Cuesta del Carbonero, a sandstone 
bed contains the large Exogyra (15927) and Gryphea (15926) of A-3. At this 
locality, 23 feet higher in the section, is the zone of Vermetus cornejoi Castillo and 
Aguilera (15939) and Rhynchonella lacunosa Castillo and Aguilera (15940). In 
addition to these forms, Collection A-4 contains Terebratula sp. (15934), Plicatula 
sp. (15935), an echinoid (15933), and two species of Gryphea (15936; 15938). This 
is the most widespread and characteristic faunal zone in the entire Lower Creta- 
ceous section of the area. It was found in the Sierra de Hispajia, about a mile 
northeast of La Goma station, in sandy shale. Collections were made at three 
horizons in the basal 60 feet of the exposed section: Collection K-96, 18 feet above 
the base, contains Vermetus cornejoi Castillo and Aguilera (16064) and Rhynchonella 
lacunosa Castillo and Aguilera (16065); Collection K-97, 38 feet above the base, 
contains Vermetus cornejoi Castillo and Aguilera (16051), Rhynchonella lacunosa 
Castillo and Aguilera (16046), Terebratula sp. (16053), Plicatula sp. (16052), Exogyra 
sp. (16047), Camptonectes sp. (16048), and Belemnites sp. (16050); Collection K-98, 
60 feet above the base, contains Belemnites sp. (16063), an echinoid (16062), Cucul- 
laea sp. (16061), and two species of Exogyra (16059; 16060). On the western side 
of the Sierra de Mapimi{, at the top of the lowest sandstone escarpment on the south 
side of the mouth of the large canyon, about half a mile south of Puerto de Solda- 
dos, is the best collecting ground for this fauna. Here, well-preserved specimens 
are abundant. Collection A-34 from this locality has the following forms: Rhyn- 
chonella lacunosa Castillo and Aguilera (15820), Vermetus cornejoi Castillo and 
Aguilera (15802), Turbo sp. (15817), another gastropod (15809), an echinoid frag- 
ment (15852), Pecten insutus Cragin (15825), Cucullaea catorcensis Castillo and 
Aguilera (15822), Pinna quadrifrons Cragin (15821), Alectryonia sp. (15813), Pli- 
catula variata Gabb (15815), Plicatula sp. (15808; 15803), Crassatellites sp. (15830), 
Lima sp. (15627), several species of Gryphea (15805; 15807; 15810; 15826), and sev- 
eral species of Exogyra (15816; 15818; 15824), Lytoceras sp. (15823), and several 
fragments of a large ammonite (15832). The same fauna was found in the Puerto 
de Soldados, in the hills north of the trail and west of Cafién Colorado. Collection 
A-37, made here, contains Vermetus cornejoi Castillo and Aguilera (15945), Pleuro- 
tomaria sp. (15947), Plicatula sp. (15943), Trigonia sp. (15941), Exogyra sp. (15942), 
and two species of Gryphea (15944; 15946). No fossils were found above this zone 
in Unit B or Unit 5. 

The age of the fauna must be determined by its stratigraphic position above the 
highly fossiliferous Valanginian beds of Unit C and below the Aptian limestones 
and marls containing a large, well-preserved, distinctive fauna belonging to the zone 
of Dufrenoya terana. The identification of several species with forms described by 
Castillo and Aguilera from the Sierra de Catorce, San Luis Potosi, tends to place 
the fauna much lower than its stratigraphic relationships show it to be. However, 
the succession of the fossils at Catorce is much confused; and Burckhardt,’ who 
has reviewed the work of Castillo and Aguilera and the subsequent discussions of 
their fossils by others, says “It is clear that a definite subdivision of the Catorce 
series cannot be proposed until further exploration has been made.” From his own 
interpretation of the fossils, he concludes that the Kimmeridgian, Portlandian, Valan- 


® Carlos Burckhardt: Etude synthétique sur le Mésozoique mezicain, Soc. Paléont. Suisse, Mém., 
vol. XL-L (1930) p. 79. 
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ginian, Hauterivian, and lower Barremian are all represented. The striking charac- 
teristic of the fauna from the mountains west of the Laguna District is that the 
most abundant forms in it are Rhynchonella, Vermetus, Exogyra, and Plicatula. 
The first three are strikingly similar, if not identical, to forms from Catorce, figured 
by Castillo and Aguilera as Rhynchonella lacunosa, Vermetus cornejot, and Exogyra 
potosina. The Lytoceras from the Sierra de Mapimi is suggestive of Lytoceras 
potosina Castillo and Aguilera. Just north of Cuesta del Carbonero, on the trail 
to Las Cuevas ranch, an ammonite (16132) of the type of Kossmatia lenki Castillo 
and Aguilera was picked up in the float. The most likely bed from which this 
specimen could have come is in Unit B, which forms the bluffs to the east. These 
points of resemblance between the fauna from Unit B and Unit 5 in the upper part 
of Las Vigas formation, and fossils from Catorce, are more likely to throw additional 
light on the stratigraphic position of some horizons at Catorce than they are on 
the age of the faunal zone in the mountains west of the Laguna District. 

Another element of this fauna has been identified with forms from Malone, Texas, 
described by Cragin. These are equally unsatisfactory as a basis for age deter- 
mination, for the Malone fauna is, in part, Jurassic and, in part, Lower Cretaceous, 
several species having been found both at Malone and Catorce. Pecten insutus 
Cragin, according to Adkins’ division of the Malone section, is in the Jurassic; 
Pinna quadrifrons Cragin, he considers Lower Cretaceous, probably Valanginian; 
and Cucullaea catorvensis Castillo and Aguilera at Malone Mountain is associated 
with other fossils regarded as Lower Cretaceous. 

The fauna of Unit B and Unit 5 is found about 1400 or 1500 feet above the main 
horizon of the Valanginian Malone fauna and approximately 2000 feet below the 
Aptian Dufrenoya texana fauna. The assemblage shows a distinctly closer relation- 
ship to the Malone fauna than to the Aptian. Characteristic ammonites, on which 
the divisions of the Lower Cretaceous have been based, however, are not present, 
and the location of this bivalve fauna is somewhat arbitrarily and tentatively re- 
garded as Hauterivian. 


Unit A and Unit 4—Conformably above the shales and sandstones of Unit B is 
a cliff of siliceous limestones with some beds of calcareous sandstone, comprising 
Unit A. This forms the highest bluffs east of the Cuesta del Carbonero and is the 
basal part of the mountain-forming limestone on the east flank of the Villa Juérez 
uplift south of the Rio Nazas and on the west flank in the Sierra de Mapim{, north 
of the river. At Cuesta del Carbonero, 325 feet of Unit A were measured, but the 
top was not located, nor were any fossils found. North of the Nazas, the section 
is more sandy, and probably thicker, so that the unfossiliferous units, which change 
rapidly in lithology, cannot be recognized with any degree of certainty. The lowest 
limestone in the section along the western side of the Sierra de Mapimi is in Unit 4, 
which consists of 325 feet of interbedded gray to reddish arkose and siliceous lime- 
stone, with local shale partings and some ledges of quartz sandstone. It is un- 
fossiliferous. 


Unit 3—Unit 3 is conformable on Unit 4. It consists of 335 feet of thin beds of 
light-gray limestone, weathered buff, and becoming siliceous in the lower half. 
Partings of green and gray shale are locally exposed. No fossils were found in this 
unit. It was recognized only on the western side of the Sierra de Mapimi, but equiv- 
alent beds are doubtless present in the mountains south of Las Cuevas ranch and 
elsewhere south of the Rio Nazas. 
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Unit 2—Near the head of the large canyon, half a mile south of Puerto de Solda- 
dos, on the west side of the Sierra de Mapimi, Unit 1 and Unit 3, which are chiefly 
limestone, are separated by 112 feet of fine-grained red sandstone, interbedded with 
reddish-gray arkose and with partings of red or green sandy shale. It did not yield 
any fossils. This unit may be represented south of the Nazas, in the Cafién de 
los Cabretos, a strike-canyon that follows a fault zone about two miles south of Las 
Cuevas ranch, by ledges of red, fine-grained sandstone interbedded with yellow 
and green sandstone. 

APTIAN-ALBIAN LIMESTONE 


Aptian (Unit 1)—The highest unit at the head of the first large canyon south of 
Puerto de Soldados, on the west side of the Sierra de Mapimi, is 248 feet thick. 
This represents only the basal part of the main mountain-forming limestone of the 
range. It consists of yellow, siliceous limestone in benches, 1 to 5 feet thick. In 
a marl parting, 25 feet below the highest point measured, two specimens of a single 
species of Pholadomya (15916) were found (Collection J-11). This same species, 
associated with several echinoids (15920), was found probably at the same horizon, 
on the north side of the Mazatlan highway, just west of El] Raymundo, where thin 
beds of limestone with marl partings form a dip slope along the highway. The 
limestone is dipping to the southwest on the south flank of the San Carlos anticline. 
The north flank was observed along Puerto de San Isidro, which crosses the Sierra 
de Mapimi about a mile north of El Raymundo. As the limestones form a dip slope 
on both flanks, and as there are no high escarpments or strike-canyons in the inter- 
vening area, it is probable that the canyon of the Rio Nazas at El Raymundo fol- 
lows the same marly unit in the limestone series that forms the Puerto de San 
Isidro. Both are strike-canyons, one on the south flank of the San Carlos anti- 
cline and the other on the north. In the Puerto de San Isidro, fossils were col- 
lected at three localities. One of these, Collection A-36, contained characteristic 
ammonites of the Dufrenoya texana zone, indicating the Gargasian horizon of the 
Aptian. The fossils from other localities in the Puerto, though less diagnostic, are 
so closely associated with the Dufrenoya fauna that they undoubtedly also belong 
to the Aptian. Although the Pholadomya (15916 and 15921) found near El Ray- 
mundo (Collection J-10) and at the head of the canyon on the west side of the 
Sierra de Mapim{i (Collection J-11) are not characteristic horizon markers, they are 
almost certainly from the upper Aptian limestones. 

On the south side of Puerto de San Isidro, about half a mile east of the highest 
point on the trail, in a small building-stone quarry, a zone of small echinoids of the 
Cidaris type (15964) was found in thin limestones with shale partings (Collection 
J-12). Several fragments of a chiton (15963) were in the same layer. On the north 
side of the Puerto, about 100 feet higher in the section, is the horizon of Dufrenoya 
tezana. Collection A-36 was made at that horizon, about a quarter mile east of the 
divide. The following fossils, well-preserved as casts, were found in the float on the 
hillside along the outcrop of a bench of gray, hard limestone containing organic 
remains: Nautilus neohispanicus Burckhardt (15647), Cymatoceras sp. (15886), Uhli- 
gella jacobi Burckhardt (15650), Parahoplites aff. milletianus d’Orbigny (15646), 
Dufrenoya tezana Burckhardt (15648), Douvilleiceras sub-buxtori Burckhardt 
(15888), Douvilleiceras sp. (15893), Ammonitoceras cornutum Burckhardt (15889), 
Crioceras trispinosoides Burckhardt (15649), and Crioceras sp. (15892). This is 
clearly the Gargasian fauna described originally by Burckhardt from a locality in 
the Nazas Valley, about 20 miles southwest. At approximately the same horizon 
in the Puerto de San Isidro, about 100 feet west of the divide, several casts of 
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pelecypods and gastropods were found on the trail, in a bed of marl and nodular 
limestone. Collection A-35, made at this locality, contains Homomya cf. alta 
(15878), Pholadomya sp. (15883), a large gastropod (15884), and several other in- 
determinate pelecypods. 

Burckhardt’s Gargasian fauna was found also in the Cafién Colorado, about 1% 
miles upstream from its mouth in the Puerto de Soldados. The fauna of Collection 
A-41 was found about 200 feet (estimate) above the’ base of the mountain-forming 
limestone of the Sierra de Mapimi, in a zone about 50 feet thick, in which layers 
of marl are interbedded with limestone, 1 to 2 feet thick. The following fossils 
were found: Dufrenoya terana Burckhardt (15651; 15653), Dufrenoya aff. justinae 
(Hill) (15973), Douvilleiceras aff. stolicekanum Gabb (15654), Exogyra quitmanensis 
Cragin (15958; 15959; 15962), Plicatula sp. (15956; 15953), Pholadomya sp. (15954), 
Exogyra sp. (15952). 


Albian—The limestone above this Aptian series contains few fossils that can be 
identified. Cross-sections and comminuted remains of shells are widespread, but 
they are of little, or no, use as horizon markers. In the upper part of the Albian 
limestone, however, rudistids were noted at a number of localities on the east flank 
of the Sierra de Mapimi and in the Cafidn del Indio, in the western part of the 
Sierra de lag Noas. At the latter locality, the massive rudistid limestone lies di- 
rectly below the Cenomanian-Turonian shales and thin beds of limestone carry- 
ing Inoceramus. 

Another faunal facies in the upper part of the Albian limestone was observed on 
the western side of the Cerritos de San Gilberto. Here, miliolid foraminifera com- 
prise a bed of limestone, several feet thick. The association of Miliolina lime- 
stone and rudistid-bearing limestone is widespread in eastern Mexico and southern 
Texas. Regarding the age of these beds, Adkins” says: 

“A common Edwards type is the miliolid limestone. ... This rock occurs at 
certain Edwards levels, but locally the type contains admixtures of shelly material. 
Miliolid limestone is practically confined to reefy Fredericksburg in southern Texas, 
and in Mexico is known from northern Coahuila, southwards in the El Abra lime- 
stone of the Front Ranges, underground in the South Fields, along the mountain 
front west of Orizaba, to the Isthmus of Tehuantepec.” 


UPPER CRETACEOUS FORMATIONS 
INDIDURA FORMATION 


The Cenomanian-Turonian limestone and shale of the Indidura for- 
mation crop out at two localities. In the Cafién del Indio, on the western 
side of the Sierra de las Noas, it is preserved in the sharp syncline be- 
tween anticlinal ridges of Albian limestone (PI. 2, fig. 2). At the contact 
is a thin conglomerate of limestone pebbles. The top of the Albian lime- 
stone is slickensided by adjustment to the intense folding. The basal five 
feet of the Indidura consists of alternating layers of shale and thin, 
lenticular limestone (PI. 9, fig. 1). Above this basal zone the shale beds 
are 2 to 3 feet thick, and the stringers of dark-gray and black limestone 
average 6 to 12 inches. Fossils are not common in these beds, but at one 


10 W. S. Adkins: The Mesozoic systems in Tezas, in The geology of Texas, vol. 1, Stratigraphy, 
Univ. Texas Bull., no. 3232 (1932) p. 347. 
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locality on the south side of the canyon, just east of the divide, Inoce- 
ramus aff. latus Elbert (16133) was found. At another locality, on the 
north side of the canyon and west of the divide, Inoceramus and a small 
Exogyra were found a few feet above the top of the Albian limestone. 

The second locality of the Indidura formation is at the north end of 
the Sierra de Mapimi, in the vicinity of Vinagrillos ranch, and westward 
toward the town of Mapimi. It forms a belt of hills skirting the eastern 
ridge of the Sierra de Mapimi, and crops out also within the range, in the 
neighborhood of the Ojuela mining district. The series consists of inter- 
bedded shales and limestones. A few specimens of Jnoceramus and sev- 
eral gastropods were found. These, together with the lithology and the 
stratigraphic position of the formation above the Albian limestones, make 
its reference to the Indidura formation conclusive. Earlier authors, 
describing the Mapimi mining district, with the exception of Spurr,’ have 
regarded the shales and limestones at Ojuela as older than the Aptian- 
Albian limestone, which forms the Bufa de Mapimi and the sharp ridge 
east of Ojuela camp. They also refer to the beds exposed at Ojuela as 
the same series as is present in the plain around Mapimi and in the hills 
around Vinagrillos. The present writer and Spurr agree with the latter 
correlation, but believe that this series is younger than the limestone of 
the Bufa and clearly overlies the Albian limestones (PI. 6, fig. 2). 

The correlation of the shales and limestones at Ojuela with the Ceno- 
manian-Turonian series changes the structural interpretation of that dis- 
trict. Instead of a broad anticline running northwest through the mining 
district, there is a zone of intense folding, in which the incompetent shales 
and thin limestones of the Indidura formation are crumpled and faulted 
in the syncline and are thus preserved from erosion. 


UPPER CRETACEOUS OR TERTIARY CONGLOMERATES 


Hills and mesas of coarse conglomerate are widely scattered throughout 
the lower areas contiguous to the high mountains. They are formed chiefly 
of pebbles and boulders of Lower Cretaceous limestone, with a smaller 
proportion of quartz and fragments derived from igneous rocks. Most of 
the pebbles are well rounded, but some are angular—especially the larger 
blocks. The largest belt of these conglomerates forms the Lomas del 
Renoval, which skirt the northeast margin of the Sierra de Mapimi for 
most of the distance between Dinamita and San Alexandro. The main 
road skirts the east and north margin of these gravel hills and crosses 
them at three points in the vicinity of San Gilberto and San Alexandro. 
The conglomerates appear to be horizontal and form mesas that rise from 
20 to 100 feet above the adjacent plain. 


uJ. E. Spurr: The ore magmas (1923) p. 202-203. New York. 
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Ficure 1. Basau INpIpuRA 
FORMATION 
In the Cafién del Indio of Sierra de las 
Noas. 


BEGINNING NEW CYCLES OF 
SEDIMENTATION 


Ficure 2. BASAL CONGLOMERATE OF 
TORCER FORMATION 
Conglomerate rests on red shale (left) 
and is overlain by arkosic sandstone 
(right of figure). Four miles south of 
Villa Ju4rez on road to Picardias. 
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Ficure 1. ALONG THE NORTHEAST MARGIN 
View S 50° E. Lower ridge (foreground) is composed of conglomerates, passing laterally into thin 
beds of buff limestone. High ridge (right) is formed of Aptian-Albian limestone. 


Ficure 2. Tertiary (on Upper CRETACEOUS) BUFF LIMESTONE 
At foot of overthrust, thin beds dip steeply away from it. 


OVERTHRUST FRONT OF SIERRA DE HISPANA 


are 


GEOLOGY OF MOUNTAINS WEST OF LAGUNA DISTRICT 1073 


West of the Sierra de Mapimi, near its south end and extending for 
24% miles in a northwest direction from the Mazatlan highway to a point 
due west of Puerto de Soldados, are two mountains of conglomerate, sep- 
arated by a pass about 1000 feet wide. These mountains rise abruptly, 
several hundred feet above the plain. The conglomerates have a synclinal 
structure and rest directly on the Jurassic (?) red lavas. 

Coarse conglomerates form a belt of rugged hills on the northeast flank 
of the Sierra de Hispafia, beginning about 2 miles southeast of the Rio 
Nazas and extending for four miles (Pls. 10, fig. 1, and 11, fig. 1). Along 
their northeast margin, the conglomerates lie on the Jurassic (?) lavas, 
with great angular unconformity; on the southwest, they are in contact 
with the Aptian-Albian limestones. The conglomerates dip steeply to the 
northeast, and the underlying lavas have an apparent low dip to the west. 

Along the strike to the southeast, the conglomerates are interbedded 
with well-stratified, buff limestones, which grade laterally into a series of 
thin-bedded, impure, buff limestones, containing in some layers a large 
percentage of voleanic ash (Pls. 10 and 11). The lithology of these beds 
is strikingly similar to Turonian limestones at many places in eastern 
Mexico. No fossils were found in them, although exposures are excellent. 
They form a narrow line of hills close to the foot of the Sierra de Hispafia 
and, like the conglomerates, show a strong dip to the northeast, becoming 
steeper toward the mountain and flattening out away from it. 

On the south side of the Sierra de Jimulco, the writer’? found similar 
conglomerates grading downward into volcanic ash, shale, and thin-bedded 
limestone, which in most places contained no fossils. At one locality, 
however, in Los Praderones, an Jnoceramus was found in thin beds of 
sandstone, directly below the conglomerates. This suggested the possi- 
bility that the conglomerates were of Upper Cretaceous age. Baker ** 
has suggested that the platy buff limestones are pond or lake beds and 
that the conglomerate may be of almost any post-Albian age. He has 
described widespread development of basins of interior drainage in mid- 
Tertiary time, in which lakes formed and fine-grained sediments accumu- 
lated. The relationships that Baker has observed in western Texas are, 
in many respects, similar to those in the mountains west of the Laguna 
District. Regarding the basins and their deposits he says: ** 


“Originally, they existed all the way between San Luis Park of southern Colorado 
and central Mexico and in Mexico some of them, like the Bolson de Mapimi, still 


2L, B. Kellum: Reconnaissance studies in the Sierra de Jimulco, Mezico, Geol. Soc. Am., Bull., 
vol. 43 (1932) p. 552. 

18 Letter, dated Jan. 19, 1934. 

40. L. Baker: Exploratory geology of a part of southwestern Trans-Pecos Texas, Univ. Texas 
Bull., no. 2745 (1927) p. 38-39. 
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exist. The basin of the Rio Grande, all the way from its source to the Boquillas 
Cajions at the eastern side of the Big Bend syncline was dammed and a lake or 
a series of lakes was formed along the present valley of the river.... The lake 
deposits are largely silts, fine-grained and pulverulent, ranging from flesh-colored 
to orange-brown and light greenish-gray. ... Where they rest directly against the 
bedrock flanks of the mountains they are often conglomeratic or contain talus 
breccia from nearby steep slopes of the bedrock. In Mexico two miles southeast 
of the upper end of the Boquillas Cajions fine silts rest directly against a steep, 
high scarp of Comanchean limestones. ... Likely contemporaneous with the lake 
beds are high-level alluvial débris gravels now 800 to 1300 feet above river level. 

. The gravels on the divide are 100 feet or more in thickness. They are very 
coarse, ill-assorted and cross-bedded; in short a typical alluvial fan deposit. There 
are bowlders and pebbles of all sizes up to three feet; the larger are subangular to 
angular in contour. The gravels are igneous rocks and Cretaceous limestones and 
sandstones. ... No fossils have yet been found in these deposits in Texas... . 
Cope found fossil mammals of upper Miocene (Loup Fork) age in them nearly fifty 
years ago in the upper Rio Grande valley near Santa Fe, N. M. Very likely they 
are not all of the same age. The precise date of the mountain-making movements 
and of the formation of the lake or lakes has never been determined. The earlier 
unconsolidated deposits of the Llano Estacado of west Texas and eastern New 
Mexico were transported from the Trans-Pecos mountains. The deposits of the 
Llano Estacado range in age from lower or middle Miocene to early Pleistocene. 
Other evidence in the Rocky Mountains proper apparently agrees with the assign- 
ment of the beginning of the making of the present mountains to the Mid-Tertiary, 
not far from the middle Miocene.” 


Several smaller hills and mesas of conglomerates lie between Nazareno 
and the Sierra de Hispafia, along the southern margin of the belt of Juras- 
sic lavas and Lower Cretaceous rocks. The road from Villa Juarez crosses 
them at two points just south of the lava area and skirts their southern 
margin. These patches were doubtless formerly continuous with the 
rugged hills of steeply dipping conglomerates adjacent to the eastern 
flank of the Sierra de Hispafia, but have been dissected and separated by 
erosion. 

The age of these conglomerates and associated thin, buff limestones and 
volcanic ash is extremely important in the determination of the time of 
diastrophism in the mountains west of the Laguna District. They were 
evidently formed in the wake of one important period of uplift and ero- 
sion, for they occupy the central part of the Villa Juérez uplift and rest 
unconformably on the oldest rocks exposed. Furthermore, they preceded 
another period of diastrophism, which overthrust the Sierra de Hispafia 
to the northeast, brought the Albian limestones in contact with the Juras- 
sic (?) lavas, and tilted the conglomerates to a nearly vertical position. 
It is to be hoped that further search will reveal fossils in the well-stratified 
limestones or their equivalent conglomerates, which will serve to place 
more closely the time of the two periods of diastrophism. 
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STRUCTURE 
GENERAL STATEMENT 


During the Upper Cretaceous period, the Laramide Revolution made 
itself felt in northern Mexico by broad warping of the earth’s crust and 
general withdrawal of the sea from positive areas into local subsiding 
troughs or geosynclines. The Parras Basin in southern Coahuila (Fig. 2) 
became a separate geosyncline at this time, and its floor subsided at least 
12,000 feet, and probably over 20,000 feet, before the end of the Creta- 
ceous.'> The Laguna District is at the western end of the Parras Basin. 
The anticlinal mountains, extending N 45° to 50° W along its western 
border, are, therefore, at the western margin of the geosyncline. The 
Aptian-Albian limestone, composing the mountains, dips eastward into 
the geosyncline beneath the valley floor. 

The Rio Nazas and the Rio Aguanaval are superimposed streams, 
which flow northeastward across the mountain ranges. These broad ir- 
regular valleys divide the structurally continuous mountain folds into 
three parts: (1) Southeast of Rio Aguanaval is the Sierra de Jimulco; 
(2) northwest of Rio Nazas is the Sierra de Mapimi; and (3) between the 
two rivers is a broad area of uplift, extending from the Sierra de las Noas, 
on the east, to the Sierra de Hispajia, on the west. Within this latter divi- 
sion, the attitude of the well-stratified rocks is determined by five promi- 
nent anticlines and one major fault. From east to west, these structures 
are: (1) Las Noas Anticline, (2) Soldado-Fortuna Anticline, (3) San 
Carlos Anticline, (4) Villa Juarez Uplift, (5) Hispaifia Overthrust, and 
(6) Hispafiia Anticline. These are the northwest continuations of major 
structures, which have been described in the Sierra de Jimulco.'* They 
persist across the Rio Nazas and are recognized in the Sierra de Mapimi 
and in smaller mountains west of that range. 

The structure of the northern half of the Sierra de Mapimi is dominated 
by the great igneous intrusion of the Dinamita-Cerro Blanco laccolith. 
Beyond that uplift, near the northwest end of the range, near Ojuela and 
the Bufa de Mapimi, the structure is characterized by intense folding 
and faulting. 

LAS NOAS ANTICLINE 

Las Noas Anticline is the first fold of the mountains south of Torredén. 
It is the major structure of the Sierra de las Noas, and its axis is approx- 
imately along the crest of that range. The dominant slopes of the moun- 
tain are nearly identical with the dip of the Aptian-Albian limestone. 


15R. W. Imlay: Stratigraphy and paleontology of the Upper Cretaceous beds along the eastern 
side of Laguna de Mayrdn, Geol. Soc. Am., Spec. Pap. (in press). 

161, B. Kellum: Reconnaissance studies in the Sierra de Jimulco, Mezico, Geol. Soc. Am., Bull., 
vol. 43 (1932) p. 541-564. 
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Toward the southeast, the elevation of the range decreases as the axis 
of the fold plunges in that direction. The end of the ridge has been cut 
back by erosion, and terminates abruptly before the plunging axis would 
normally carry the limestone beneath the plain. At El Mecoén, about 
1500 feet to the southeast along the strike of the fold, is a small outlier 
of limestone, which is an erosion remnant of the anticline. At the end 
of the main ridge the massive benches of dark-blue limestone dip 30 
degrees to the northeast on the eastern limb and nearly vertically on the 
western limb. A few feet west of the vertical beds the limestone has a 
dip of about 10 degrees to the south. This relationship indicates a fault 
or zone of shearing. The zone of steep dips persists northwest along 
the west flank of the range, but the angle diminishes to about 50 de- 
grees (Pl. 2, fig. 1). About 5 miles from the end of the range, the zone 
passes into the Cafién del Indio, where it forms the east flank of a sharp 
syncline along that canyon (PI. 2, fig. 2). 

The eastern flank of Las Noas Anticline forms the nearly straight 
mountain-front of the range, extending about N 47° W, in a steep dip- 
slope of Aptian-Albian limestone. Erosion has lowered the crest of the 
ridge, and steep gullies and canyons cut across it, but the relatively 
straight line of its eastern flank has the steep beds approximately parallel 
to the slope of the ridge. 

The axis of Las Noas Anticline has not been traced to the northwest. 
Probably it merges with the Soldado-Fortuna Anticline, north of the head 
of Cafién del Indio. That canyon heads in a rugged mountain mass of 
Lower Cretaceous limestone, which is continuous from Cuesta de la For- 
tuna, on the west, to the eastern mountain front. The axis is not present 
in the gorge of the Rio Nazas at Puerto Calavazas, where the Aptian- 
Albian limestones dip uniformly to the northeast (PI. 4, fig. 2). 


SOLDADO-FORTUNA ANTICLINE 


Between the Cafién del Indio and the Cuesta de la Fortuna, where the 
Nazareno-Torreon trail crosses the divide through the mountains, is the 
sharp fold of the Soldado-Fortuna Anticline in the Aptian-Albian lime- 
stones. It forms a prominent ridge along the southwest side of the 
Caifién del Indio and continues northwest along the east side of Cuesta 
de la Fortuna. The eastern limb of the Soldado-Fortuna anticline is 
almost vertical along Cafién del Indio, and the axis of the fold plunges 
to the southeast, beneath the alluvium at the mouth of the canyon. It 
has not been recognized in the Sierra de Jimulco, to the southeast, though 
it may be present in the mountain mass west of La Boquilla ranch, on 
the southwest side of Laguna Seca.” 


17 Op. cit., fig. 5, opp. p. 546. 
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The trail from Torredén across the Cuesta de la Fortuna follows a can- 
yon, tributary to the Nazas valley, which has cut deeply into the moun- 
tains to the southeast. This canyon follows a zone of nearly vertically 
dipping beds in the Aptian-Albian limestone series. Their strike varies 
from due N to N 56° W, and the canyon changes its direction correspond- 
ingly. This zone of steep beds is on the southwest flank of the Soldado- 
Fortuna Anticline. It probably indicates a fault or zone of shearing. 
Additional evidence of fault structure is that west of this zone of steep 
dips, the limestones strike nearly perpendicular to it. Along part of the 
canyon, the limestone beds on the west side strike east-west and those 
of the east side, in the zone of nearly vertical dips, strike north-south. 
Near the head of this canyon, at the foot of Cuesta de la Fortuna, is a 
small tributary canyon, which drains about N 25° E. It lies west of the 
zone of steep beds, except where it joins the main canyon, and its direc- 
tion, perpendicular to the larger canyon, is parallel to the strike of the 
limestone and sandstone beds. At the top of the Cuesta de la Fortuna, 
where the trail crosses the divide, thin beds of limestone, sandstone, and 
shale, regarded as the lower portion of the Aptian-Albian series, strike 
N 18° W and dip 37° SW. Here, the beds have a lower angle of dip be- 
cause they are east of the shear zone and nearer the axis of the fold. 

In the floodplain of the Rio Nazas, the axial portion of the Soldado- 
Fortuna anticline is not exposed. The eastern front of Sierra de las Noas 
is continued, north of the Rio Nazas, by a series of six limestone hills 
and ridges, which extend from Puerto Calavazas to Puerto de Arturo 
and curve westward to join the eastern front of Sierra de Mapimi at a 
narrow ridge that projects eastward about 114 miles, to the Puerto de 
Arturo. The strata strike northwest and dip northeast at 12 to 41 
degrees. This series of bare, limestone knobs and ridges, connect- 
ing the Sierra de Mapimi with the mountains south of the Rio Nazas, 
are remnants of the northeast flank of the Soldado-Fortuna anticline, 
which is now largely concealed by the alluvium. The axis lies some- 
where between Lerdo and Gémez Palacio. Farther north, it curves west- 
ward to the Puerto de Soldados (PI. 3, fig. 1). The structure of this 
natural gateway through the range is a complex uplift, dominantly anti- 
clinal but modified by major east-west faulting. 

Viewed from the east, the Puerto de Soldados is a valley through the 
mountains. With approach to the valley, from the north and from the 
south, the range rises into prominent peaks overlooking the gap (PI. 3, 
fig. 1). The east entrance is a gap in the Aptian-Albian limestone, 
about three quarters of a mile wide. On the north side the limestone beds 
in the first prominent nose strike due north and dip west at 24 degrees; 
on the south side the strata are essentially horizontal. These strikes 
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and dips do not indicate the regional structure but are probably due to 
block faulting or minor folding. The regional structure is seen in the 
mountain front, a short distance north of the entrance to the gateway, 
where the limestone beds have a uniform, steep, northeast dip, which 
persists all the way to the prominent strike-ridge projecting to Puerto 
de Arturo. South of Puerto de Soldados, along the east front of the 
Sierra de Mapimi, the low dip of the limestone suggests that this area 
is in the syncline, some distance from the axis of the Soldado-Fortuna 
Anticline. The west flank and crest of this anticline in the Aptian- 
Albian limestone have been entirely eroded away, and the underlying 
less-resistant sandstones of the Neocomian are reduced to the level of 
the Laguna plain. 

Within the Puerto de Soldados the axis of the anticline is not clearly 
defined. Readings on well-exposed strata show great irregularity of 
strike throughout the valley. The following observations, however, in- 
dicate a prominent uplift. Along the south valley wall a fault scarp of 
Aptian-Albian limestone extends in a general east-west direction, and 
the limestone shows conspicuous folding although it has a prevailing dip 
to the south. At the base, brown rocks, probably Neocomian sandstones 
and shales, are exposed. About midway between the two ends of the 
valley, is a large block of Aptian-Albian limestone, on the north side of 
the fault. It is about half a mile square and extends nearly across the 
valley, to the mouth of Cafién Colorado, where the Neocomian sand- 
stones are exposed close to the Aptian-Albian limestone and at a higher 
elevation. Dip readings on thick beds of limestone on this block show no 
uniformity. Neocomian sandstones and shales of Las Vigas formation, 
well exposed along the Cafién Colorado for more than a mile, have a 
strong, fairly uniform northwest dip, and they strike about N 35° E. In 
the overlying Aptian limestone farther upstream, the strike is parallel 
to the canyon, and the beds are extremely steep, suggesting that a fault 
or shear zone has determined the position of the canyon. 

In the Puerto de Soldados, west of the mouth of Cafién Colorado, Las 
Vigas sandstones and shales crop out over a wide area along the north 
side, dipping west and northwest at 25 to 40 degrees. Their dip changes 
to an easterly direction within a short distance farther west, conforming 
to the major structure along the west side of the Sierra de Mapimi. 

The Soldado-Fortuna Anticline is, therefore, a poorly defined struc- 
ture, traced for 17 miles, from the mouth of Cafién del Indio in the Sierra 
de las Noas, on the southeast, to the Puerto de Soldados, on the north- 
west. It is one of the most important structures of the area and explains 
an otherwise anomalous distribution of mountain masses. 
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SAN CARLOS ANTICLINE 


At the village of San Carlos, a prominent anticlinal structure extends 
across the Rio Nazas. The river emerges at this point from a narrow 
gorge in the Aptian-Albian limestone of the eastern front of the Sierra 
de Mapimi. South of the river, the mountain front continues south for 
about a mile and then swings eastward across ‘the ends of several strike- 
ridges, which finger northward into the floodplain. Between two of these 
ridges southeast of San Carlos, a wide strike-canyon penetrates deeply 
about S 65° E into the mountain mass. The southwest side of the can- 
yon is formed by a ridge of massive or indistinctly bedded limestone, 
weathered dark-gray and grotesquely etched by solution. This is inter- 
preted as the axial ridge of the San Carlos Anticline, although the fold 
is not distinct. The ridge is only a few hundred feet wide and is bor- 
dered on the west by another much narrower strike-canyon. The canyon 
east of the axial ridge is bounded along its northeast side by a steep ridge 
of thin beds, weathered buff and brown, with alternating talus and well- 
stratified rock capped with yellow limestone. These beds dip strongly 
to the northeast and are on the northeast flank of the San Carlos Anti- 
cline. They are siliceous and shaly and are evidently well down in the 
Aptian-Albian series. Neocomian sandstones may be exposed in this 
uplift, but none were observed. 

At the southern end of the mountains west of Nazareno, long, broad, 
strike-canyons, draining southeast, are separated by narrower strike- 
ridges of Aptian-Albian limestone. At the extreme southern end of the 
longest limestone ridge is a pronounced reversal of dip. The west side of 
the ridge strikes about N 70° W and is a dip-slope of approximately 11 
degrees southwest. A short distance farther north, on the east side, the 
dip is strongly to the northeast. This reversal is regarded as the axis of 
the San Carlos Anticline and is projected from this point about 10 miles, 
to the axis near San Carlos. If continued southeastward along the same 
trend across the valley of Rio Aguanaval, this axis would join the Cafiones 
Anticline of the Sierra de Jimulco."* 

In the gorge of the Rio Nazas, between San Carlos and Lerdo station, 
the Aptian-Albian limestones strike N 35° W and dip 45 degrees to the 
southwest on the southwest flank of the San Carlos Anticline. On the 
north side of the river, there is a sharp reversal near the eastern edge 
of the gorge, where the dip changes from 40 and 55 degrees southwest to 
30 degrees east, closely defining the axis of the anticline. West of El 
Raymundo, the anticline trends more westward, and the limestone on 
the southwest flank forms a dip-slope striking N 75° W along the Maza- 
tlan highway. The opposite flank was observed along the eastern front 


1% Op. cit., p. 561; fig. 5, p. 546. 
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of the Sierra de Mapimi, where the limestone forms an east dip-slope 
at 28 to 31 degrees. In the Puerto de San Isidro, the Aptian limestones 
strike slightly north of west and dip northward at 29 to 53 degrees. The 
pass follows the strike of the beds. The canyon is eroded along a marly 
zone near the base of the Aptian-Albian limestone series. The axis of 
the San Carlos Anticline, therefore, lies between the Puerto de San Isidro, 
on the north, and the Mazatlan highway, on the south. It emerges on 
the western side of the Sierra de Mapimi, just north of Los Angeles 
ranch. Its north flank continues in the northeast dip, along the western 
side of the Sierra, and the southwest flank disappears beneath the flood- 
plain of the Rio Nazas. The axis projected northwestward heads into 
the strike-ridges of Neocomian sandstones on the northeast flank of the 
Villa Juarez uplift. 

The San Carlos Anticline as mapped extends for 12 miles, from the 
mountain front west of Nazareno, on the southeast, to Puerto de San 
Isidro, on the northwest. 

VILLA JUAREZ UPLIFT 


The major structural feature of the area is the great uplift that ex- 
tends across the Nazas Valley in the vicinity of Villa Juérez. The oldest 
rocks in the area are exposed along its axis. It is the key to the distribu- 
tion of mountains and the corresponding irregular shape of the flood- 
plain of the Rio Nazas between Las Cuevas ranch and the Sierra de 
Hispafia. Erosion along its crest has formed the alluvial plain that ex- 
tends from the Rio Aguanaval along the northeast side of the Sierra de 
Hispafia. 

The axis of the Villa Judérez Uplift lies about midway between the 
town of Juarez and Rancho Monterrey. It trends approximately N 55° 
W. In this central part of the uplift, red lavas, shales, and sandstones 
are on the surface (Pl. 12, fig. 2). In perspective, their anticlinal struc- 
ture is apparent, but, on close examination, the bedding is indefinite, 
and individual readings are unreliable. Northwest of Rio Nazas, they 
form a small group of hills, about a mile wide, extending from the river 
to the Mazatlan highway. Southeast of the river, they have a much 
larger distribution. Dips on the northeast flank, near the axis southeast 
of Villa Judrez, are 14 and 16 degrees. On the southwest flank, south of 
Monterrey, dips are 18 and 35 degrees to the west. 

Strike-ridges of overlying Neocomian sandstones and shales, along the 
northeast flank of the uplift, extend southeast of the Durango railroad 
for 7144 miles. The dip of these beds ranges from 15 to 60 degrees, aver- 
aging about 30 degrees. Corresponding sandstones north of the Rio 
Nazas, along the western side of the Sierra de Mapimi, dip at 18 to 35 
degrees northeast and average about 25 degrees. Aptian-Albian lime- 
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Figure 1. NEOCOMIAN SANDSTONES ON NORTHEAST FLANK 
View N 75° W along the Cuesta del Carbonero 


Ficure 2. RED ROCK SERIES AT THE CENTER OF UPLIFT 
View N 40° W. At the left of the central hills is the Cafién de Monterrey; at the right is the plain 
of Villa Juarez. 


VILLA JUAREZ UPLIFT 
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stones above the Neocomian on the northeast flank form the highest 
bluffs along the western side of the Sierra de Mapimi, between Puerto de 
Soldados and Puerto de San Isidro. The axis of the syncline between 
the San Carlos Anticline and the Villa Judrez Uplift is just west of Lerdo 
depot. It extends northwest along the Rio Nazas toward Los Angeles. It 
has not been traced southeast of Lerdo depot, but the Aptian-Albian 
limestone dips northeast at Las Cuevas ranch and along the irregular 
mountain front to the south. The dip on this upper limestone series, 
which is well down on the flank of the uplift, is considerably steeper than 
the dip of the sandstones and the red lavas closer to the axis of the fold. 
The width of the northeast flank of the Villa Juarez Uplift—i. e., from 
the axis of the anticline to the bottom of the syncline—is more than 4 
miles. This is a third of the entire width of this belt of mountains. The 
San Carlos Anticline, the Soldado-Fortuna Anticline, and Las Noas 
Anticline, though important structures in themselves, may be regarded 
as subsidiary folds on the northeast flank of the Villa Juarez Uplift. The 
southwest flank of this structure is much narrower, because it has been 
overthrust by the Hispajia fault, described in the following section. 


HISPANA OVERTHRUST 

Along the northeast side of the Sierra de Hispafia, a steep escarpment 
of Aptian-Albian limestone extends for almost the entire length of that 
range, between Rio Aguanaval and Rio Nazas (PI. 10, fig. 1 and Pl. 11). 
It rises 2000 feet, or more, above the valley floor and extends about N 
50° W. From a distance, the well-stratified limestones in the face ap- 
pear to be horizontal except for broad wave-like belts along it. North- 
east of the escarpment and opposite its northwestern half is a narrow 
belt of hills. These begin as low, disconnected knolls, in the southeast, 
and become higher, broader, and more continuous toward the northwest, 
until they are almost as high as the escarpment. They are formed of 
thin-bedded, buff, marly limestones, in the southeast, and of coarse con- 
glomerates, in the northwest. Close to the cliff, the beds dip steeply 
northeastward and flatten out away from it. In other words, the thick 
beds of Aptian-Albian limestone in the escarpment are essentially hori- 
zontal, whereas the conglomerates and the thin-bedded, buff limestones 
at its base are standing at a high angle. The conglomerates rest uncon- 
formably on the Red Rock Series of the Villa Juérez Uplift, which crop 
out in the valley and on adjacent lower hills. 

The Aptian-Albian limestone in the escarpment is sharply overturned 
at one point, near the northwest end of the range, along a burro trail from 
Arroyo Sabino, which climbs steeply along the conglomerate hills in a 
zigzag course up across the steep face of the escarpment, to the top of 
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the Sierra de Hispafia. On the side of a gully that cuts the cliff, the well- 
stratified and rather thin-bedded limestone makes a sharp fold, which is 
overturned, on the northeast flank, with dips of about 80 degrees south- 
west. 

On the northeast flank of the Villa Juarez Uplift, above the Red Rock 
Series, 4500 feet of Neocomian shales and sandstones have been cut out 
by the overthrust on the southwest flank. Some of them may be con- 
cealed beneath the mass of conglomerate that rests unconformably on 
the older formations, but this could not account for all. A small rem- 
nant of sandstone, on the edge of the Sierra de Hispajia, just beyond the 
conglomerate hills on the northwest, dips 49 degrees southwest. 

These complex relationships along the northeast front of the Sierra de 
Hispafia are best explained by overthrusting from the southwest. The 
Aptian-Albian limestone has ridden northeastward, across the Neoco- 
mian, crumpled or tilted the Upper Cretaceous or Tertiary beds, and rests 
on the older Red Rock Series.’® 

The Hispafia Overthrust is the direct eontinuation of the axis of the 
Viesca Anticline, which is the dominant structural feature in the Sierra 
de Jimulco, southeast of Rio Aguanaval. Coarse conglomerates, similar 
to those found contiguous to the Sierra de Hispajia, are also found in the 
Sierra de Jimulco, along the northeast side of the Viesca Anticline, in 
the canyons near Pajonal ranch and E] Tinajén.”° 


SIERRA DE HISPANA 


The Sierra de Hispafia is a broad, high mountain of Aptian-Albian 
limestone. The northeast side is the Hispafia Overthrust and the south- 
west side is a dip-slope. At the southeast end, south of Picardias, the Rio 
Aguanaval flows through a narrow gorge separating the Sierra de Hispafia 
from the western ridge of the Sierra de Jimulco. Well-stratified lime- 
stones, exposed in vertical walls on both sides of the gorge, are essen- 
tially horizontal for more than a mile. Toward the south end, they dip 
rapidly to the southwest, at about 30 to 40 degrees, forming the dip- 
slope along the southwest flank of the range. At tne north entrance, the 
dip also steepens and is 14 degrees to the southwest. From here north- 
ward to the Hispafia Fault, the beds have a low dip to the southwest. 

Along the southwest side of the Sierra dé Hispaiia, the limestone beds 
are so jointed and so displaced at the surface that no reliable dip and 
strike readings could be made. In the largest canyon that cuts this flank, 
the stream has channeled a gorge in its broad, alluvial cone, which ex- 
poses the rock pediment beyond the margin of the range. At the first 
outcrop, thick ledges have a steep north dip. A hundred feet farther up- 


19 Explanation suggested by C. L. Baker, in a letter dated Jan. 19, 1934. 
%L. B. Kellum: op. cit., p. 552. 
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stream, similar massive beds have a general southwest dip, but no reliable 
bedding planes are exposed. The general attitude of the limestones along 
this canyon seems to show a low-angle southwest dip, but slumping of 
the massive beds is so general that readings are not reliable. 

At the northwest end of the Sierra de Hispajia is a gentle anticline, 
with its crest at the highest part of the mountain. On the southwest 
flank is a normal and regular dip. The limestone on its northeast flank 
is complexly crumpled by the Hispafia Overthrust. 

Northwest of the Rio Nazas, the Picacho de San Juan and other small 
hills in the plain, in line with the Sierra de Hispafia, are erosion rem- 
nants of the northeast flank of that fold. Their structure is probably due, 
in part, to the overthrust, which must continue northwest along them. 

In summary, the Sierra de Hispafia is a broad anticline with a thrust 
fault along its northeast flank. The beds across the crest are horizontal, 
but, toward the southwest flank, they dip steeply into the valley. Fossil- 
iferous Neocomian beds crop out at the center of the fold at its north- 
west end. 

DINAMITA-CERRO BLANCO LACCOLITH (SIERRA DE SARNOSO) 


The most conspicuous geologic feature in the area is the great dome 
with granitic core, in the northern half of the Sierra de Mapimi. This 
physiographic unit is known as the Sierra de Sarnoso. Its area is roughly 
circular, has a diameter of about 7 miles, and extends from the settle- 
ment of Dinamita, on the northeast, to Cerro Blanco ranch, on the south- 
west. Here, the range is twice as wide as elsewhere. The mountain front 
between Rincén de Sarnoso and the Rincén de San Alexandro extends in 
a great arc at least 3 miles beyond its normal position. A corresponding, 
but less pronounced, arc, convex to the southwest, marks the opposite 
side of the range. That the igneous rocks of the laccolith are less re- 
sistant to weathering than is the limestone in the rim is shown by the 
topography, which is characterized by a central depression in the igneous 
area, bordered by a higher inward-facing escarpment of limestone. 
Nearly everywhere, a canyon has been eroded along the limestone-granite 
contact. Although the crest of the limestone rim overlooks the igneous 
core, the elevation in the latter area increases toward its center, so that 
the mountain tops in the central part of the laccolith are higher than the 
limestone at places on the northeast and southwest flanks. The highest 
peaks of the Sierra de Mapimi, with the exception of La Bufa, are on 
the crest of this marginal limestone belt lifted by the intrusion. El Pica- 
cho de Acatita, one of the most prominent points in the range, and the 
intersection of several property lines, is on the northern edge of the 
laccolith. East of this are several others, including Picacho del Culto. 
On the south side of the rim is the Picacho de la Glorieta, and on the 
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southeast side, between Cafién del Indio and Cajién de Sarnoso, is the 
Picacho de Sarnoso. All these, and several less conspicuous peaks, are 
erosional remnants on the receding rim of a once-continuous roof, which 
extended in a great dome above the igneous mass. 

The granitic rock of the Dinamita-Cerro Blanco laccolith varies in 
mineral assemblage from place to place, but, in general, it is coarsely 
crystalline, light gray or mottled black and white, and consists pre- 
dominantly of plagioclase feldspar and quartz, with accessory biotite, 
hornblende, and olivine. Earlier authors called it granodiorite. The pro- 
portion of dark-colored minerals is much greater in some places than 
in others. Younger dikes, of more compact, basic rocks, cut the main 
intrusive. The igneous area was not studied, and no attempt has been 
made to determine the various types of rock. 

The roof of the laccolith is near the base of the Aptian-Albian lime- 
stone. Although a thick section of Neocomian sandstones and shales is 
present in the Sierra de Mapimi, less than 4 mileg south, and 3 miles to 
west, they are entirely absent beneath the limestone on the margins of 
the laccolith. Apparently, the magma came up along a vent in the pre- 
Aptian formations and spread out along the base of the thick limestone 
series, lifting it in a great dome over an area of nearly 40 square miles. 

The intrusion has metamorphosed the limestone conspicuously for 
some distance from the contact and has produced high-grade marble. 
At the quarries of Salvador Madero, near Dinamita, white and colored 
marbles of excellent quality are taken out and shipped for building pur- 
poses. Cerro Blanco, or White Mountain, on the southwest side of the 
laccolith, at the ranch of the same name, is a mass of calcite resulting 
from contact metamorphism. There is also some mineralization near the 
contact, though no important mines have been developed. About two 
miles northwest of Cerro Blanco ranch, on the western border of the 
laccolith, are many openings where manganese ore has been mined. The 
chief mineral is psilomelane, which occurs in veins that penetrate the 
coarsely crystalline limestone in an intricate network. At Dinamita, 
deposits of hematite have been prospected to some extent, and their 
brilliant red color at the pits is a conspicuous landmark. The ore deposits 
of the important mining district of Ojuela, only about 5 miles from the 
northwest margin of the laccolith, may be related to it. 


NORTHWEST END OF THE SIERRA DE MAPIMI 


The structure of the rocks at the northwest end of the Sierra de Mapimi 
is more complex than in any other part of the range. Along the eastern 
margin is a sharp fold of Lower Cretaceous limestone, which extends N 
45° W for 4 miles. This is the San Alexandro Anticline. It forms a sharp 
ridge, about 500 feet high, which is known as La Bufa Chica. The anti- 


a 
| 
+ 
4 
3 


BULL. GEOL. SOC. AM., VOL. 47 KELLUM, PL. 13 
STRATIGRAPHIC SECTIONS 
DURANGO, MEXICO 
WEST SIDE OF 
SIERRA DE MAPIMi 
(4g SOF PUERTO DE SOLDADOS) 
(rape) 
UNIT 
z 
2468 
UNIT2 
UNIT 
335 
5 SOUTH OF VILLA JUAREZ 
AND LAS CUEVAS RANCH "— 
325 
° onl 
| cuest ve. carBonero NORTHWEST END OF 
SIERRA DE HISPARA 
= 
UNIT 
Vv 1300 
< 130° TO SS. HILLS SOUTH OF 
CANON MARAVILLAS 
z 
< 
CUESTA DEL CARBONERO 
z (TAPE) VERTICAL SCALE 
r—3000' 
jo 
2 z s-2 
* 3 NORTH SIDE OF 
«< 
‘a CARON MARAVILLAS 
> 
2000" 
UNIT 
ole 
w 
< 
000" 
« 
° 
flo 
z 
i 


STRATIGRAPHIC SECTIONS 


¢ 
& 
is 
i 


GEOLOGY OF MOUNTAINS WEST OF LAGUNA DISTRICT 1085 


cline terminates, on the southeast, in a plunging nose, which disappears 
beneath the plain about three-quarters of a mile northwest of San Alex- 
andro ranch. At the northwest end of the anticline, the Lower Cretaceous 
limestone plunges beneath Indidura shales and limestones, which form a 
belt of hills along the east side and around the north end of the range 
(Pl. 6). On the northeast flank, the Lower Cretaceous rocks dip 33 de- 
grees and the overlying beds, 68 degrees. The southwest flank is vertical 
and in part overturned. 

West of the San Alexandro Anticline, a strike-valley, about 114 miles 
wide, penetrates southeastward into the end of the range for several 
miles. It is bordered, on the west, by the steep face of Lower Cretaceous 
limestone known as the Bufa de Mapimi, which rises about 4000 feet 
above the valley floor (Pl. 6, fig. 1). The Bufa is an anticlinorium, 
trending about N 45° W, with the axis at the summit of the ridge. The 
western limb is several times as long as the eastern and is modified by a 
number of gentle waves in Aptian-Albian limestone. At its northwest 
end, the Bufa fold plunges rapidly, and two, or more, sharp folds are 
present at the margin of the range. East of the Bufa is a zone, about 
114 miles wide, of intense folding, with some faulting and overthrusting. 
The San Alexandro Anticline forms the eastern margin of this zone, in 
which the Aptian-Albian limestone is compressed into a number of sharp, 
asymmetrical anticlines, with narrow bands of Cenomanian-Turonian 
shales preserved in the tightly squeezed, intervening synclines. The folds 
of this zone plunge to the northwest and pass beneath the alluvial plain 
of the strike-valley, about a mile northwest of Ojuela. 

Prescott ?* has summarized the detailed structure of the Ojuela district 
as follows: 


“The limestone has been contorted into a series of folds, striking northwest-south- 
east, accompanied by some overthrusting, and separated one from another by parallel 
faults that stand at high angles and have movements with vertical components of 
at least one hundred meters each.” 


DOCTOR LAWRENCE LACCOLITH 

Near the west side of the Sierra de Mapimi, at the northeast edge of 
La Zacatera, a small intrusion of diorite penetrates the Aptian-Albian 
limestone. It lies about half way between the Bufa de Mapimi and the 
western margin of the range. Its physiographic expression is a nearly 
circular valley, bordered by sheer cliffs of limestone. Stratification in 
these cliffs is confused by jointing and slumping, so that doming of the 
limestone, although suggested, is not clear. The diorite mass is situated 


2 Basil Prescott: The underlying principles of the limestone replacement deposits of the Mexican 
province, Eng. and Min. Jour., vol. 122, no. 8 (1926) p. 289. 
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approximately in the syncline between the axis of the main Bufa de 
Mapimi anticline and the Lomas Coloradas Anticline. 

The limestone on the borders of the intrusion is recrystallized, and 
some mineralization has taken place. Several prospect pits have been 
opened near the limestone-diorite contact around the margins of the val- 
ley. The mine of Doctor Lawrence, high in the range, about a mile east 
of the contact, has yielded commercial quantities of lead-silver ore. 

A specimen of the intrusive rock was identified in thin section by 
Singewald (p. 1163) as biotite-augite diorite. It is composed of plagio- 
clase, augite, biotite, and minor orthoclase, with accessory magnetite, 
apatite, titanite, and zircon. The plagioclase, which is zoned, ranges from 
labradorite to andesine but averages close to Abso ANso. 


LOMAS COLORADAS ANTICLINE ~ 


On the western side of the Sierra de Mapimi, in the Lomas Coloradas 
northeast of Jacales ranch, an anticlinal fold was traced northwestward 
about two miles. Neocomian sandstones of Las Vigas formation crop 
out in these foothills, bordered on the east by an escarpment of Aptian- 
Albian limestone. To the northwest and west, La Zacatera plain con- 
ceals the structure of the underlying rocks, and, to the southeast, the fold 
disappears in gravel hills of later age than the folding. The anticline 
trends N 20° to 25° W and is asymmetrical, with the steeper flank to 
the northeast. The crest is gently arched, and the dip of the beds in- 
creases progressively away from the axis to 60 degrees on the northeast 
and 35 degress on the southwest. 

Projected along its strike, northwest across La Zacatera, the axis would 
pass into the Aptian-Albian limestone on the north side of the re-entrant. 
However, no evidence of the fold was observed there. 

Limestone is the most resistant formation in the area and, if present 
in its normal position above the sandstone, on the southwest flank of the 
anticline, would be exposed. Its absence must be explained either by a 
fault with downthrow to the west, or by a great uplift in the valley be- 
tween the Sierra de Mapimi and the Sierra del Rosario. Evidence in- 
terpreted in support of faulting is: (1) Absence of the Aptian-Albian 
limestone on the west flank; (2) non-resistant Cenomanian-Turonian 
shales and thin-bedded limestones above the Aptian-Albian limestone 
could be easily leveled by erosion; (3) west dips on the fold may be due 
to drag at the fault plane; (4) the Hispafia Overthrust can be projected 
northward along the line of Picacho de San Juan to pass through the 
Lomas Coloradas. Evidence interpreted in support of a great uplift is: 
(1) Absence of the Aptian-Albian limestone on the west flank; (2) Neo- 
comian and Jurassic sandstones and shales could be easily leveled by 
erosion; (3) the Villa Judérez Uplift, 16 miles southeast, lies in corre- 
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sponding position southwest of the Sierra de Mapimi; (4) directly oppo- 
site Lomas Coloradas, 8 miles to the west, is a similar belt of Neocomian 
sandstones on the east side of the Sierra del Rosario. 


LOS CERRITOS DE SAN GILBERTO 


On the plain about two miles northeast of the Sierra de Mapimi are 
two small outlying ridges, known as Los Cerritos de San Gilberto. They 
stand approximately in a line trending N 40° W. The one to the north- 
west is 114 miles long, and the other has a length of three-quarters of a 
mile. The former is the higher of the two and has a maximum relief 
estimated at 200 feet. Both of these are formed of Lower Cretaceous 
limestone, which strikes northwest and dips 32 to 56 degrees to the 
southwest. The isolated position of these ridges, and their consistent 
southwest dip, show them to be unrelated to the structure of the Sierra 
de Mapimi or to that of any other mountain range. They are regarded 
as remnants of a fault block that was lifted high above its normal posi- 
tion and tilted to the southwest. 


CONCLUSIONS 


The stratigraphic section exposed in the mountains west of the Laguna 
District, and the structure of the mountains, contribute the following 
significant facts to the paleogeographic and tectonic history of north- 
ern Mexico: 

1. A series of red lavas and shales of pre-Cretaceous, probably Juras- 
sic, age indicates a period of igneous activity in early or mid-Mesozoic 
time. 

2. Forty-five hundred feet of marine clastic sediments of early Cre- 
taceous (Neocomian) age (perhaps, in part, Upper Jurassic; basal 1800 
feet are unfossiliferous) indicate marine transgression, with active 
stream erosion of nearby land areas to the north. They show that this 
area was part of the Neocomian geosyncline. 

3. Limestone deposition in middle and late Lower Cretaceous time in- 
dicates clear seas, probably due to peneplanation of nearby land areas, 
with transgression of the seas to the north. 

4. Clastic sediments, again reaching this area at the close of the Lower, 
and the beginning of Upper, Cretaceous time, indicate the beginning of 
a new cycle of sedimentation, which probably reflected diastrophic move- 
ments, and perhaps climatic changes. 

5. The accumulation of boulder conglomerates, passing laterally into 
chalky limestones in Tertiary, or possibly late Cretaceous, time, prob- 
ably indicate interior drainage and active erosion on a land of conspic- 
uous relief. 
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6. A great structural uplift had its center near Villa Judérez, Durango. 
7. The Hispafia Overthust has ridden northeastward, across the south- 
west flank of the Villa Juarez Uplift, pushing the Tertiary boulder con- 
glomerates in front of it. 

8. Three subsidiary anticlines are present on the northeast flank of 
the Villa Juarez Uplift; two of them turn with a short radius from north- 
west to west, in the Sierra de Mapimi. This is regarded as an adjustment 
to the regional strike change from the normal Rocky Mountain trend to 
the zone of cross-folding in southern Coahuila. 

9. Intense crumpling of limestone into sharp folds at the northwest end 
of Sierra de Mapimi is the type of compressional structure developed 
during the Tertiary, in the area occupied by the Neocomian geosyncline. 
It is not typically developed farther south, in the region covered by this 
report, because of relief of pressure by the Hispafia Overthrust. 

10. Intense compressional folding is modified in the vicinity of Dina- 
mita and Cerro Blanco by a large granitic intrusion into the Lower Cre- 
taceous limestone, which doubles the width of the Sierra de Mapimi in 
that area. 
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INTRODUCTION 
LOCATION AND EXTENT OF AREA 


The Sierra de Parras lies in southern Coahuila, directly south of the 
Parras Basin. It begins, on the west, near Puerto La Pejfia, about 60 
miles east of the city of Torredn, and extends east-southeast about 100 
miles, as a distinct, rugged topographic unit, finally merging into the 
ranges of the Sierra Madre Oriental, in the region south of Saltillo. 
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The area mapped extends from Puerto La Pefia eastward 26 miles to 
about 4 miles east of Parras. It comprises about 370 square miles, of 
which only 260 are mountainous. The width of the mountainous area 
varies considerably, being 5 miles near La Pejia, 12 miles about 10 miles 
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Ficure 1.—IJndex map of northern Mezico 


farther east, and 9 miles in the region south of Parras. Its shape is 
extremely irregular. 
CONSTRUCTION OF MAP AND SECTIONS 

Available maps of southern Coahuila are on a scale of 1 to 500,000 
and are not accurate enough for plotting the necessary details of structure 
observed in the Sierra de Parras. From past experience in similar re- 
gions in Mexico, it was decided that pace and compass traversing was 
the best method to tie in the numerous observations. Sections were 
measured by means of a steel tape and a compass. Their true thickness 
was subsequently computed. 
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EARLIER INVESTIGATIONS 


In 1905, Bernius? published a small geographic monograph on the 
country within five miles of Parras. In 1906, Bése? prepared a small 
guide booklet on the geology of the region near Parras. He noted rocks 
of three ages—the middle Cretaceous (Albian and Cenomanian), the 
Turonian, and the lower Senonian—and the intense folding in the Sierra 
de Parras and in the Parras Basin. Later, Bése* pointed out the syn- 
clinal nature of the Parras Basin and discussed both the structural and 
the stratigraphic evidence. 


GEOGRAPHY 
TOPOGRAPHY AND DRAINAGE 


General features—The Sierra de Parras, in the Mexican Highland, 
forms the greater part of the southern boundary of a large area of interior 
drainage, known as the Bolson de Mapimi,* which extends from the 
ranges east of Saltillo to the ranges west of Torreén and northward to- 
ward the Rio Grande.’ The Sierra de Parras forms the northern boun- 
dary of a belt of eastward-trending mountains that occupies southern 
Coahuila and northern Zacatecas. The mountains and the plains occupy 
about equal proportions of the surface. The plains are nearly flat, irreg- 
ular in shape, and extend as narrow finger-like embayments into the 
mountains. Their elevation ranges from 3500 to 5000 feet above sea 
level, and the mountains rise 1500 to 4000 feet higher. The mountains 
are predominantly anticlinal and usually rise steeply from the plains. In 
general, the mountains within the Bolson de Mapimi (sensu lato) differ 
from those on the southeast, south, and southwest, by being broader and 
less profoundly eroded. 


1 Karl Bernius: Das Becken von Parras (1905) Reimers, Dietrich. Berlin. 

2Emil Béise: Excursions dans les environs de Parras (Merzico), 10th Intern. Geol. Congr., Mexico, 
Guidebk. XXIII (1906) 16 pages, map. 

3 Emil Bose: Vestiges of an ancient continent in northeast Mexico, Am. Jour. Sci., 5th ser., vol. 6 
(1923) p. 127-136, 196-214, 310-337. 

4 Not to be confused with the small Bolson (Laguna) de Mapimi, northeast of Jimenez, Durango. 

5 Erich Haarmann: Geologische Streifziige in Coahuila, Deutsche Geol. Gesell., Zeitschr. 65, Monatsb. 
1 (1913) p. 21. 
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Ficure 2.—Physiographic map of southern Coahuila and adjo 
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The characteristic climatic features are aridity, high midday tempera- 
tures, large diurnal temperature variations, and occasional brief but tor- 
rential downpours in limited areas during July, August, and September. 


The Parras Basin.—Studies of the topographic features of the Parras 
Basin have furnished data showing that the physiographic development 
of landforms in the basin and the mountains has been intimately related. 

The Parras Basin, occupying the southern part of the Bolson de Mapimi, 
is about 130 miles long, ranges in width from 40 miles, near its western 
end, to 20 miles, near its eastern end, and embraces an area of at least 
4000 square miles. Two distinct topographic units are exhibited in the 
basin floor; (1) a broad plain of aggradation, called the Laguna de 
Mayran, in the west and north, and (2) a partly dissected upland in the 
southeast and east. 

The Laguna de Mayran occupies over half the area of the Parras Basin 
and forms the entire floor of its western part, with the exception of sev- 
eral small island-like ranges. Its shape is somewhat like a wedge, which 
tapers eastward along the northern side of the Parras Basin. Its southern 
boundary coincides approximately with the line of the former Inter- 
national Mexican Railroad, now the highway between Saltillo and 
Torreon. 

South and east of the Laguna de Mayran is another wedge-shaped area 
of steep-sided sandstone and shale hills and conglomerate-capped mesas 
that rise from 400 to 600 feet above the plain. These occupy most of the 
Parras Basin in the region of General Cepeda, but taper westward and 
terminate near La Bola, at the north side of the Sierra de La Pefia. 

Mesa topography is especially well developed along the southern mar- 
gin of the Parras Basin, between Parras and General Cepeda, and from 
the base of the Sierra de Parras northward to the highway. The mesas 
consist of sandstones, shales, and thin-bedded limestones, capped with 
100 to 200 feet of conglomerates and tufa. The conglomerates rest with 
angular unconformity on the formations below, filling the irregularities 
of an ancient erosion surface of slight relief (Pl. 8, fig. 1; Pl. 5, fig. 2). In 
the mesas along the Saltillo-Torre6én highway the old erosion surface is 
about 300 to 350 feet above the surface of the nearby Laguna de Mayran. 
This old erosion surface slopes slightly northward from the Sierra de 
Parras and westward toward the center of the Laguna de Mayran, in- 
dicating that the ancient drainage was probably northwestward. The 
upper surface of the conglomerates slopes slightly northward from the 
base of the mountains for several miles and then becomes nearly flat. 

West of Parras, a plain, a few miles in width, lies immediately north 
of the mountains and, beyond that, a series of steep-sided hogbacks and 
cuestas. These hills rise to heights of 300 to 350 feet above the adjacent 
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plain and, viewed from the north, present a remarkably even sky-line. 
This fact, and the abundance of gravel strewn on the surface throughout 
the entire area, leaves no doubt that the hills were once capped with 
conglomerates similar to those capping the mesas east of Parras. 

The low plain lying between the hills and the mountains begins about 
4 miles east of Parras, at the base of the Lomas de San Pablo, which is 
a conglomerate-capped escarpment, and extends westward about 40 
miles until it merges with the Laguna de Mayran near La Bola. The 
plain is about 3 miles wide near Parras, increases to 5 miles near Boquil- 
las, and then decreases to 4 miles near El Pozo. It slopes gently north- 
ward from the mountains to, or near, the base of the hills. From a small 
divide in the plain, directly north of Picacho Candelaria, small arroyos 
trend east or west but eventually turn northward between the sandstone 
hills. 

The origin of the plain, most of which lies north of the highest ridge 
in the western half of the Sierra de Parras, is suggested by the following 
observations. The steep north flank of this ridge is deeply trenched by ten 
large canyons. South of Parras, deep canyons mark the lower courses of 
Arroyo Capulin and Arroyo Ojo de Agua. Cajion Santiago, about 4 miles 
east of Parras, terminates at the eastern end of the plain and has appar- 
ently determined the western boundary of the Lomas de San Pablo. At 
this place, it is obvious that the plain has been formed by the erosion of 
the conglomerate-capped mesa. The plain near the mountains apparently 
owes its development primarily to the presence of a high mountain mass 
to the south which induced considerable precipitation, with the result that 
larger torrents more frequently rushed down its steep flanks and thereby 
accomplished more erosion than occurred elsewhere. 

The Laguna de Viesca is an alluvial plain, about 12 miles wide, bound- 
ing the Sierra de Parras on the southwest. It extends northwestward 
between the Sierra de Jimulco, on the south, and the Sierra de La Pefia, 
the Sierra de San Lorenzo, and the Sierra de Texas, on the north, finally 
merging with the Laguna de Mayran. Its southeastern part divides into 
several small plains, which interfinger between low mountain ranges. It 
covers about 400 square miles, is lowest several miles north of Viesca, 
and its general height is several hundred feet above that of the Laguna 
de Mayran. It serves as the drainage basin for the greater part of the 
Sierra de Jimulco and the southwestern part of the Sierra de Parras. At 
Puerto La Pefia, the Arroyo La Pefia drains northward toward the 
Laguna de Mayran and, after heavy rains, is soon filled with water. 


Western part of the Sierra de Parras——The western part of the Sierra 
de Parras consists of ten long sinuous mountainous ridges. The Sierra de 
Parras is the name applied to the high ridge forming the northern front 
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of the mountains west of Parras. In order to distinguish it from the 
range as a whole, the letters r. s., meaning restricted sense, will be added 
(Pl. 1). 

The Sierra de Santiago, southeast of Parras, rises about 1000 feet 
higher than the city. Its line of uplift is reflected west of Arroyo Ojo de 
Agua, by two rows of hills, which rise from 400 to 800 feet above Parras. 

About 2 miles south of the Sierra de Santiago is another line of uplift, 
marked by the Sierra Mesquite, to the east, and the Sierra de Parras 
(r. s.), to the west. At its lowest point, the saddle between these moun- 
tains is about 1500 feet higher than Parras, except where it is cut by 
two cross-canyons, which are about 800 feet deep. Four miles east of 
Arroyo Ojo de Agua, the Sierra Mesquite attains a height of about 2500 
feet above Parras and maintains that height for many miles. 

The Sierra de Parras (r. s.) is the largest, and highest, mountain in the 
western half of the range. Picacho de la Candelaria, 7 miles west-south- 
west of Parras, towers about 4000 feet above the city. Picacho Aigre, 
about 2 miles farther west, is almost as high. Across the highest part of 
the mountain, the width is about 3 miles. The upper surface is broad 
and rounded. The south flank is inclined about 25 degrees; the north 
flank is steeper, and in places vertical. West of Cafion Taraises the 
mountain narrows abruptly into a steep hogback ridge, about a mile 
wide, which extends to the western end of the range. The elevation ranges 
from 2000 to 2500 feet above the northern base of the ridge. 

Two miles south of Sierra Mesquite, the Sierra Yeguales rises sharply 
into a prominent peak, about 3000 feet higher than Parras. Westward 
from the peak, the elevation declines 1000 feet in 4 miles and then rises 
into a broad-topped mountain, called the Sierra de Prieta, which is about 
3200 feet higher than Parras and terminates abruptly at its western end. 
About a mile west of Sierra Prieta, along the same line of uplift, is a 
hogback ridge, called the Sierra de Capulin (PI. 2, fig. 2), which rises 
from 1500 to 2000 feet above its base, extends to the west end of the 
range, and is transected by three deep cross-canyons. 

The Sierra de Taraises begins about 2 miles east-southeast of Picacho 
de la Candelaria and extends to the west end of the range as a high ridge, 
with several peaks about 3000 feet higher than the plain at La Pefia. 
Cerro Alto del Cardenchal, lying directly south of the Sierra de Capulin, 
is a northward-facing cuesta, probably less than 1000 feet higher than 
the plain to the south. The Sierra de Juan Perez extends east-southeast, 
parallel to the Sierra Prieta and the Sierra Yeguales, on the north. The 
northern flank rises steeply to heights ranging from 1000 to 1500 feet 
above the plain to the south. The southern flank slopes more gently to 
the alluvial plain, at angles varying from 30 to 15 degrees. The Sierra 
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del Capadero is a small rugged mountain, lying about 114 miles south 
of the western end of the Sierra de Juan Perez and more or less connected 
with the latter by several rows of hills. It consists of two prominent 
ridges, separated by a narrow synclinal valley, and rises abruptly from 
the plain on the east, south, and west to heights of about 1500 feet. 

The mountainous ridges of the Sierra de Parras have been formed by 
the erosion of overturned major anticlines. Depending upon the degree 
of erosion, three distinct topographic types have been produced; rounded 
anticlinal mountains, hogbacks, and cuestas. The rounded anticlinal 
mountains take form where erosion has cut only slightly into the thick- 
bedded Aurora and La Pefia limestones along’ the crests of the folds. 
Hogbacks and cuestas mark areas where erosion is more advanced. 
Along any anticline the change from one type of topography to the other 
takes place abruptly (e. g., head of Cafion Taraises). Hogbacks mark 
the sites of the vertical or overturned north flanks of the anticlines, and 
cuestas mark the more gently dipping south flanks. The mountains are 
separated from each other by synclinal valleys or, less commonly, by 
deep gash-like valleys along the crests of the anticlines. In an east-west 
direction the mountains are separated by broad depressions, reflecting 
the positions of structural saddles along the axes of folding. 

The rounded anticlinal mountains include the Sierra de Prieta, Sierra 
Yeguales, Sierra Mesquite, Sierra de Santiago, and the eastern parts of 
the Sierra de Taraises and the Sierra de Parras (r. s.) east of Cajion 
Taraises. The slopes of these mountains reflect the underlying folds. 
They are all steepest on their north flanks, with the exception of the 
Sierra Yeguales, where the beds are overturned toward the south. 

Hogbacks comprise the western part of the Sierra de Parras (r. s.), 
Sierra de Capulin, Sierra de Juan Perez, and the southern half of the 
Sierra del Capadero. These mountains rise to heights of 2000, or even 
2500, feet above their base but are never as high or as massive as the 
largest rounded anticlinal mountains. They are characterized by pre- 
cipitous north flanks, sharply serrated sky-line, numerous peaks, and 
the S-shaped curvature of their south slopes, which are — at the 
base and top than in the middle. 

Cuestas comprise the Sierra de Taraises west of Cafion Taraises, 
Cerro Alto del Cardenchal, and the northern half of the Sierra del Capa- 
dero. At first glance, they resemble the hogbacks, but they differ in 
several respects. Individual peaks rise to greater heights than the peaks 
of the hogbacks, but the intervening saddles are lower. Their profile 
contains fewer, larger, and blunter serrations. Their northern flanks are 
usually less precipitous, their tops more rounded, their south flanks 
flatten out toward the top instead of becoming steeper, and their bases 
are somewhat wider compared with their height. 
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The run-off from the mountains is carried to the plains by means of 
moderately wide to narrow valleys, canyons, and arroyos. For purposes 
of discussion, all the valleys may be classified, according to their relation 
to the dominant folds in the region, as synclinal valleys, anticlinal 
valleys, and cross-canyons, which trend almost at right angles to the 
direction of folding. 

The synclinal valleys trend east or west between the mountains. They 
are moderate to narrow in width. Their floors consist of shales and 
thin-bedded limestones of the Indidura formation and are being degraded 
rapidly. Their drainage is not continuously east or west, but, within 
any synclinal valley lying between two ranges, there are divides, directly, 
or almost directly, opposite the highest parts of the ranges. From these 
divides the drainage channels, called arroyos, trend east or west to the 
lower parts of the syncline, or to the lowest part of the lowest adjacent 
anticline, or to a zone of fracturing or faulting. At such a place, a deep 
canyon, or gorge, trends north or south through the mountains to the 
plains, passing into an arroyo, which usually disappears within a mile. 
Many examples of this type can be seen on the map (PI. 10). 

Anticlinal valleys lie between cuesta and hogback ridges. They have 
been formed by the more rapid erosion of the crests of anticlines than 
of their flanks. Their floors are wide and are underlain by many for- 
mations, in which differential erosion has etched minor hills and valleys, 
or even canyons. The great valley at the western end of the range, be- 
tween the Sierra de Parras (r. s.) and the Sierra de Taraises, illustrates 
this type. Cafion Colorin, along the north side of this valley, marks its 
deepest part. The wide valley between Sierra de Capulin and Cerro 
Alto del Cardenchal is another example. Also, most of the Barreal de 
Menchaca, south of the Sierra de Juan Perez, is the crest of an anticline. 

Why were these anticlinal valleys formed only in the western and the 
southern parts of the range? The anticlines, which have undergone 
deep erosion along their crests, have all been so strongly overturned 
toward the north that their north flanks dip south at angles of 45 degrees, 
or less. This intense folding has produced considerable fracturing and 
faulting along the crests and the overturned north flanks of the anti- 
clines, as can be seen in many places in Cafion Colorin and Cajion Par- 
ritas. Strongly overturned anticlines that have undergone considerable 
fracturing would undoubtedly favor faster erosion than those anticlines 
that are only slightly overturned and the rocks involved less broken. 
In the Sierra de Parras, the most strongly overturned anticlines have 
undergone the greatest amount of erosion; these are in the western and 
the southern parts of the range. 
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In 1932, Kellum * stated that the Viesca plain is a valley of erosion, 
cutting across an anticlinal fold. The part of the plain adjacent to the 
Sierra de Parras has, however, been formed by the beveling of five anti- 
clines. Judged from the relation between the amount of erosion and 
the degree of folding in the Sierra de Parras, the Laguna de Viesca 
probably owes its location to the non-resistance of the strongly folded 
bedrock. 

The cross-canyons in the Sierra de Parras present an interesting prob- 
lem. Some of them are undoubtedly the result of superposition of 
streams upon harder rocks than those over which they once flowed (e. g., 
Cafion Santiago, the canyons carved by the torrential waters of Arroyo 
Ojo de Agua and Arroyo Capulin, a few miles south of Parras, the un- 
named canyon across the northeast end of Cerro Alto del Cardenchal, 
Cafion del Gato, and Cafion de Las Vacas). Other cross-canyons owe 
their present position to lines of weakness, which have favored rapid 
erosion. One of the canyons entering Cafion Colorin from the south 
follows a fault zone. The upper Cafion de Las Vacas probably follows 
a fault zone. None of the others appears to be associated with faults, 
although some follow zones of fracturing. For example, Cafion Parritas 
and Cajion Taraises occur at pronounced bends in the axis of the Taraises 
Anticline, where considerable fracturing has taken place. The three 
canyons across the Sierra de Juan Perez probably mark zones of fracturing. 

Cross-canyons of a third type occur on the northern slope of the 
Sierra de Parras (r.s.) and on the southern slope of the Sierra de Prieta. 
On the Sierra de Parras (r. s.) the canyons trend from the mountain 
top, roughly at right angles to the strike of the strata and consequent 
to the present slope. Their presence is attributed to the great height of 
Picacho de la Candelaria, which induces the precipitation of moisture- 
laden clouds from the east. 

Cafion Grande, which drains into the plain, about 4 miles west of 
Parras, is the largest, and deepest, canyon of this type. In its lower half 
mile the floor is fairly even, and the walls consist of cemented gravels. 
The upper surface of the gravels meets the base of the mountain at a 
height of about 400 feet above the mouth of the canyon and slopes north- 
ward at a slight angle. The level upper surface of these gravels, in 
cross-section, shows clearly that the canyon was once filled 400 feet 
deep with gravels and that the narrow gorge has only recently been 
cut. For about a mile above its lower course the bed of the canyon con- 
sists of numerous drops, ranging in height from about 3 feet to 40 feet, 
inclined from 60 degrees to vertical, and separated by short level 


®L. B. Kellum: Reconnaissance studies in the Sierra de Jimulco, Mezico, Geol. Soc. Am., Bull., 
vol. 43 (1932) p. 555-556. 
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stretches. The drops are the dip-slopes of thick limestone beds, and 
the level stretches are their beveled upper edges. Beyond, in the upper 
part of the canyon, the gradient is much gentler as far as the head of 
the canyon, which is extremely steep. Numerous large boulders scat- 
tered along the canyon, and holes scoured in the limestone beds, attest 
to the force of the torrents that sometimes descend through it. The 
floor is fairly wide at most places, but, at present, vigorous erosion is 
restricted to a small inner gorge. In the lower part of the canyon the 
walls are close together and very steep, but nearer the head the walls 
become fairly far apart and moderately steep. 

Two canyons of the same type occur on the south flank of the Sierra 
de Prieta. Toward the top of the mountain the canyons are nearly a 
quarter of a mile wide, have steep walls and wide uneven floors. Toward 
the base of the mountain, they narrow abruptly into gorges that end 
about 500 feet above the floor of the synclinal valley. Below the gorges 
is a nearly vertical slope, which flattens at the base to an angle of 30 
degrees. About 200 yards west of the western canyon is the eastern end 
of a large mass of conglomerates, about 150 feet thick, which fringes 
the lower surface of the mountain and overlies a former erosion-surface 
of slight relief. The upper surface of the conglomerates is about 500 
feet above the synclinal valley and on a level with the lower ends of 
the hanging canyons. 

This indicates that at this place there was once a surface of erosion 
similar to the present one, but about 350 feet higher; that gravels accu- 
mulated on this surface to depths of 150 feet; and that there was sufficient 
time for the gravels to become firmly cemented and for fairly wide 
canyons to develop prior to the erosion that cut away the conglomerates, 
leaving only scattered remnants. The erosion of the conglomerates and 
the underlying soft shales and limestones has been so rapid that the can- 
yons have been left hanging on the mountain-side. Thus, the physio- 
graphic history here is similar to that in the mesas north and east of 
Parras and those at the mouth of Cafion Grande and of Cafion Parritas. 

The western boundary of the Sierra de Parras, at the Puerto de La 
Pefia, shows certain features that can be explained by the study of the 
topography. The Puerto de La Pejia, lying between the Sierra de Parras 
and the Sierra de La Peiia, is probably a cross-canyon whose floor has 
been considerably widened. It trends north-northeast and is about 2 
miles wide. The floor has slight relief and slopes uniformly from the 
base of the mountains to the Arroyo La Pefia, which trends northward 
in broad swinging curves near the western side of the valley. A thin 
veneer of gravel, sand, silt, and caliche covers the floor and is much 
gullied. ‘Toward the north end and the west side of the valley are 
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numerous exposures of shales and limestones of the Indidura formation. 
The west wall of the valley is rather low; it is formed by a number of 
anticlinal ridges, which reflect the structure of the eastward-plunging 
anticlines of the Sierra de La Pea. The east wall of the valley, in sharp 
contrast to the west wall, is a lofty escarpment, which is deeply notched 
by several westward-trending canyons (PI. 2, fig. 1). The highest moun- 
tain at the north end of this escarpment rises about 2500 feet above the 
valley floor, and the peak in the center rises about 200 feet higher. The 
descent from the peaks to the valley is unusually steep. 

If the Puerto de La Pefia is a widened cross-canyon, it probably 
developed along a zone of cross-faulting and in rocks that were thousands 
of feet above the rocks in the present valley floor. Its development 
undoubtedly would have coincided with the beveling of the mountainous 
folds that once extended across the site of the Laguna de Viesca. Eventu- 
ally, the cross-canyon might have enlarged into a broad valley, like the 
present Puerto de La Pefia, which is expanding, mainly eastward, by the 
undercutting of the southeastwardly dipping, much-fractured strata 
forming its east wall. 

CULTURE 

Parras, a city of about 10,000 persons, probably owes its existence to 
the large springs there. In recent years, tunnels have been driven into 
the low mountains south of the city to capture most of the available 
groundwater, for irrigation of the fertile plains to the north, which have 
been utilized mainly for the raising of grapes and garden produce. There 
are wine factories, a flour mill, a large textile factory, and a rubber 
factory, which utilizes guayule, a rubber plant that grows wild in parts 
of Coahuila, Chihuahua, and Texas. The climate in the city is delight- 
fully cool and equable in the summer, due to the presence of numerous 
trees and irrigation canals. 

Several small villages, outside the area mapped, lie north of the 
Sierra de Parras, about 4 miles from its base. San Isidro and Boquillas 
are situated about 17 and 20 miles, respectively, northwest of Parras. 
Hacienda El] Pozo lies north of the western end of the range. Within 
the area mapped are a number of ranches, most of whose inhabitants are 
engaged in wine- or rope-making. Ranchos Taraises, Barbara, and Car- 
men are uninhabited. 

WATER SUPPLY 

Good drinking-water from springs can be obtained in Parras, at 
La Pefia, in Cafion Colorin, in Cafion Parritas, and at the head of 
Cajion Taraises. A large spring exists at Rancho Barbara, but the water 
is sulphurous. 
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GENERAL STRATIGRAPHY 


The sedimentary rocks exposed in the western part of the Sierra de 
Parras, and in the Parras Basin, are at least 23,000 feet thick. All these 
rocks, with the exception of 200 feet of Pleistocene conglomerates and 
tufas, were formed during Upper Jurassic and Cretaceous time. Upper 
Jurassic strata, about 1200 feet thick, and Lower Cretaceous strata, 
about 4800 feet thick, crop out in the Sierra de Parras. Upper Cretaceous 
strata crop out mainly along the north base of the range and in the 
Parras Basin, but about 1700 feet of the Indidura formation crop out in 
the synclinal valleys in the range. The maximum measured thickness 
of the Upper Cretaceous strata is about 17,000 feet, but the total thick- 
ness of the Difunta and the Parras formations is not known. 

The Difunta formation was studied during the summer of 1932 in 
the E] Pozo-Boquillas hills, which lie directly north of the west end of 
the Sierra de Parras, and is described in a paper’ now in press. In the 
present paper, emphasis will be placed on the formations older than the 
Difunta. The formations and their approximate thicknesses are as 
follows: 


Formations in the Sierra de Parras and Parras Basin, Coahuila, Mexico 


QUATERNARY: Feet 
Upper CRETACEOUS: 
2,300+ 
Lower CRETACEOUS: 
Cuesta del Cura 210 to 240 
JURASSIC: 
Total 22,475 to 24,255+ 


JURASSIC SYSTEM 
LA GLORIA FORMATION 


Definition—La Gloria formation includes the compact limestones and 
sandstones of Upper Jurassic age, lying beneath La Casita formation 
and constituting the oldest rocks exposed in the Sierra de Parras. The 


7R. W. Imlay: Stratigraphy and paleontology of the Upper Cretaceous beds along the eastern side 
of Laguna de Mayrdn, Coahuila, Mezico, Geol. Soc. Am., Spec. Pap. (in press). 
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Taste 1—Correlation of the Cretaceous deposits of the Sierra de Parras and Parras 


Basin 
European Texas Northeastern Sierra de Parras 
Equivalents Groups Mexico and Parras Basin 
Escondido fm. 
Maestrichtian Navarro) |———?——— 
Velasco shale 
Upper 
Campanian 
Taylor Papagallos Difunta 
or formation 
s Mendez shale 
& Parras shale 
rs Lower Papa- | —- —- ? —- — 
Coniacian Austin gallos 
a Upper sh 
» San Felipe 
Lower 
Turonian Eagle Ford San Felipe Indidura 
limestone 
formation 
Cenomanian Woodbine 
El Abra and — — ? — — 
Washita oo Cuesta del Cura ls. 
Tamaulipas 
Albian Fredericksburg ls. Aurora 
limestone 
Trinity 
La Pejfia 
formation 
Aptian — — — | — — — — |] — 
Parritas 
formation 
& Barremian Las Vigas 
formation 
Taraises 
Valanginian formation 
Berriasian 
— — — Absent 
Tithonian 
La Casita 
Kimmeridgian formation 
7 La Gloria 
Oxfordian formation 
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formation is best exposed in Cafion Mimbre, along the southern base of 
the Sierra de la Gloria, about 32 miles east-southeast of Parras. The 
section at this locality, here designated the type, will be described in 
a later paper. 


Areal extent and thickness—About 1000 feet of La Gloria formation 
crops out in the western part of the Sierra de Parras, along the deeply 
eroded crests of the Taraises and the Prieta anticlines. The best ex- 
posures are at the head of Cajion Taraises (PI. 8, fig. 1) and in the cross- 
canyons (PI. 2, fig. 3) that enter Cafion Colorin from the south, about 2 
miles east of La Peifia. 


Stratigraphic and lithologic features—The section in Cafion Taraises, 
from top to bottom, is as follows: 


Unit Feet 
1. Sandstones, thick and medium-bedded, light yellow, weather reddish-yellow; 
beds range from 6 inches to 2 feet in thickness......................00000% 72 
2. Limestone, medium-bedded, light grayish-yellow, contains internal molds of 
3. Sandstones, thin- to medium-bedded, hard, light yellowish-gray to greenish- 


4. Sandstone, thin-bedded, hard, light grayish-yellow, weathers reddish-yellow... 230 
5. Sandstone, in beds 6 inches to 4 feet thick, consists of grayish-white quartz, 
7. Sandstone, thick-bedded, hard, dark gray; contains well-rounded pebbles of 
sandstone, some as much as 8 inches in diameter, and smaller pebbles of 
. Sandstone, hard, beds from 1 to 3 feet thick, dark gray, weathers dark gray 
to yellowish-gray. Beds of gray limestone, about 1 foot thick, at regular 
9. Limestones, thick-bedded, medium gray to nearly black, contain nodules of 
gray chert, weather light- to dark-gray, splashed with yellow. The beds 
range from 1 to 8 feet in thickness, but average about 3 feet............... 180 


oo 


A thin section of the grayish-white quartz sandstone from Cafion 
Taraises was examined under the microscope. The grains are medium 
in size, subangular to well rounded, and possess etched borders. Quartz 
predominates, but plagioclase grains, mainly oligoclase with some albite, 
are abundant. In addition, there are fragments of quartzite and felsite. 
Some quartz grains contain minute inclusions of hematite, arranged in 
roughly parallel rows. Many quartz grains exhibit wavy extinction. 
The feldspars have undergone more etching than have the quartz grains. 
The quartzite grains are the largest in the section, some being two 
millimeters in diameter. Many contain minor amounts of magnetite, 


te 
5 
— 


GEOLOGY OF WESTERN PART OF SIERRA DE PARRAS 1109 


and all are stained with limonite and hematite derived from magnetite. 
The rounded felsite grains consist principally of irregularly arranged 
lath-shaped crystals of oligoclase, stained with limonite. Calcite con- 
stitutes about a third of the section and is partly recrystallized. 

Microscopic examination was made of a thin-section of the dark-gray 
sandstone associated with the conglomerate layer, which is found about 
445 feet above the base of La Gloria formation in Cafion Taraises. 
About half of the section consists of calcite, which is partly recrystallized. 
Quartz grains predominate, but there are a few plagioclase and biotite 
grains. The quartz grains are subangular to rounded and have been 
etched considerably. Some contain inclusions of magnetite and each is 
bordered by a thin band of magnetite, which, in rare instances, is altered 
to hematite. The feldspars are microcline and oligoclase and have been 
etched more than the quartz grains have. 


Source of sediments.—The source of the sediments of La Gloria for- 
mation undoubtedly lay toward the north or northwest, as sedimentary 
rocks of this age become finer in the other directions. Examination of 
the sandstones has shown that the constituent sand grains were derived 
from a landmass in which quartzites, sandstones, felsite, and granitic 
rocks were undergoing rapid erosion. The work of King,’ Kelly,® and 
Robinson in central Coahuila, about 40 to 60 miles north of the western 
end of the Sierra de Parras, has shown the presence of Permian sedi- 
mentary, metamorphic, and igneous rocks, which are cut by intrusives 
of pre-Aptian age and are overlain unconformably by a thick cover of 
middle Cretaceous limestones. The sandstones of La Gloria formation 
were, without doubt, produced by the erosion of Permian sediments and 
voleanics, and granitic intrusives, which formed a landmass in central 
Coahuila during Jurassic and Neocomian time. As the granitic rocks 
were already undergoing erosion during Upper Jurassic (Oxfordian) time, 
they must have been intruded much earlier, probably at the close of the 
Permian. 


Correlation.—La Gloria formation is of Upper Jurassic age and prob- 
ably belongs in the Oxfordian. It is correlated with the Nerinea-bearing 
limestones,’ which are exposed in many ranges in northern Zacatecas 
and southeastern Durango, and represent an off-shore shallow-water 


8R. E. King: The Permian of southwestern Coahuila, Mexico, Am. Jour. Sci., 5th ser., vol. 27 
(1934) p. 101-108. 

9W. A. Kelly: Geology of the mountains bordering the valleys of Acatita and Las Delicias, Geol. 
Soc. Am., Bull., vol. 47 (1936) p. 1009-1038. 

10 Carlos Burckhardt: Etude synthétique sur le Mésozoique mezicain, Soc. Paléont. Suisse, Mém., 
vol. XL (1980) p. 45-65. 
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facies. Bése™ found the Nerinea-bearing limestone in the mountains 
east of Saltillo. A near-shore facies of Oxfordian, similar to La Gloria 
formation, is exposed at San Pedro del Gallo.1? A section south of Villa 
Juarez and Las Cuevas, Durango,’* has tentatively been placed entirely 
in the Lower Cretaceous. However, possibly the lower parts of the 
section, which contain large amounts of sandstone, arkose, and conglom- 
erate—namely, Units E and D—are of Jurassic age. 


LA CASITA FORMATION 


Definition—La Casita formation includes the shales, sandstones, and 
intercalated limestone beds lying between La Gloria formation (below) 
and the Taraises formation (above). The type locality is here desig- 
nated as Cafion de La Casita, which is about 10 miles south of General 
Cepeda and about 30 miles southwest of Saltillo. The formation in 
Cafion de La Casita, which has yielded a fairly large mollusk fauna, 
will be described in a later paper. 


Areal extent, thickness, lithology.—La Casita formation crops out 
as a narrow band around the exposures of La Gloria formation. Its 
position is marked by a depression, but in most places its surface is 
masked by alluvium. The best exposures are at the head of Cajion 
Taraises. 

In the western part of the range, La Casita formation is about 200 
feet thick. The lower 180 feet consists of dark-gray to black carbona- 
ceous shales, which vary from fissile to papery. Interbedded with the 
shales are a few seams of coal, some thin beds of yellow limestone, and 
some thin beds of calcareous, fine-grained yellow sandstone. The upper 
20 feet consists of thin-bedded to shaly, grayish-yellow sandstone. 


Origin —La Casita formation is probably a lagoonal deposit. The coal 
seams indicate brackish-water conditions. At intervals, there was prob- 
ably more or less open connection with the sea. 


Correlation—La Casita formation at the type locality and that in 
the western part of the Sierra de Parras are undoubtedly the same age, 
as the lithology, thickness, and stratigraphic relations are similar. At 
the type locality the upper part of the formation contains ammonites 
of highest Kimmeridgian age. Possibly the highest beds are of Port- 
landian age. 


11 Emil Bése: Vestiges of an ancient continent in northeast Merico, Am. Jour. Sci., 5th ser., vol. 
6 (1923) p. 203, 208. 

12 Carlos Burckhardt: Faunes jurassiques et crétaciques de San Pedro del Gallo, Instit. Geol. Méx., 
Bol. nam. 29 (1912) p. 209-210. 

BL. B. Kellum: Geology of the mountains west of the Laguna district, Geol. Soc. Am., Bull., vol. 
47 (1936) p. 1039-1090. 
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CRETACEOUS SYSTEM 
TARAISES FORMATION 


Definition—The name Taraises is here applied to a limestone forma- 
tion of Valanginian age, which crops out in the western part of the Sierra 
de Parras. It lies, with apparent conformity, between La Casita forma- 
tion (below) and Las Vigas formation (above) but is differentiated from 
both by a sharp change in the character of the sediments. It contains 
an abundant and well-preserved fauna, consisting principally of am- 
monites. The type locality is taken at the head of Cajfion Taraises, 
where the formation is unusually well exposed. 


Areal extent and thickness—The Taraises formation ranges from 470 
to 487 feet in thickness. It crops out only where the Taraises and the 
Prieta anticlines have been deeply eroded, and it forms a narrow band 
around the outcrops of the Upper Jurassic beds that are exposed along 
the axes of the anticlines. Outcrops are usually very conspicuous, due 
to their cream-colored appearance and to their position on the upper 
slopes of small ridges capped with the sandstones of Las Vigas formation. 
The best exposures are at the head of Cafion Taraises (Pl. 8, fig. 1), 
along the north base of the Sierra de Taraises, west of Cafion Parritas, 
and about 4 miles southeast of La Pefia, on the west side of Cafion de Las 
Vacas, between Cerro de Las Vacas and Sierra de Capulin. 


Stratigraphic and lithologic features—The Taraises formation con- 
sists of two limestone members whose lithologic distinctions will be 
brought out in the following descriptions of sections. 

The hill surmounted with the cross, immediately west of the dwelling 
at Rancho Taraises, is capped with about 180 feet of sandstones and 
shales of Las Vigas formation. The upper member of the Taraises 
formation is 225 feet thick and consists of thin-bedded limestones and 
nodular to splintery shaly limestones. Fresh surfaces are light gray 
or dark gray, and weathered surfaces are light yellowish-gray or cream. 
Fossils are found throughout but are especially abundant near the base. 
They consist of ammonites, pelecypods, brachiopods, echinoids, and 
belemnites. The ammonite genus Olcostephanus (“Astieria’”’) is repre- 
sented by many species and numerous individuals. Most of them are 
well preserved, although some in the shaly limestones have been replaced 
by pyrite, which has subsequently altered to limonite. The lower mem- 
ber is about 245 feet thick, consists of gray limestones, and is more 
resistant to erosion than is the overlying member. Weathered surfaces 
are an inconspicuous medium gray. Ammonites are found throughout 
but are abundant only near the top. There is a sharp contact with the 
underlying sandstones of La Casita formation. 
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Another excellent section is exposed on a hill on the west side of 
Cafion de Las Vacas, about 4 miles southeast of La Pefia. At the top 
of the hill are 50 feet of dark yellowish-gray thin-bedded sandstones of 
Las Vigas formation. The upper member of the Taraises formation is 
about 252 feet thick and, from top to bottom, may be described as 
follows: 


UNIT Freer 

1. Limestones, light gray, thin-bedded and shaly, weather light gray to cream. 
Contain numerous well-preserved ammonites.....................0000000: 110 

2. Limestones, dark gray, thin-bedded, weather light yellow to yellowish-red. 
Contain numerous well-preserved ammonites, and some belemnites, brachi- 


3. Limestones, light gray, thin-bedded and shaly, weather yellow to yellowish- 

4. Limestones, dark gray, thin-bedded and shaly, weather light yellowish-gray. 


The lower member consists of about 235 feet of dark- to medium-gray 
limestones, in beds ranging from two to six inches in thickness. They are 
more resistant to erosion than are the overlying limestones, weather 
medium gray with a yellowish tinge, and contain few fossils. Below 
them, the sandstones and black shales of La Casita formation crop out. 


Paleontology.—The Taraises formation contains a large fauna of am- 
monites, belemnites, brachiopods, pelecypods, gastropods, and echinoids. 
Ammonites are especially numerous and are characterized by many 
species of the genus Olcostephanus (“Astieria”). Some of the fossils from 
the upper member in Cafion de Las Vacas have been partly identified 
by L. B. Kellum, as follows: 


Locality 8 
Unrr 1 

Univ. Mich. No. 
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Unir 2 
Olcostephanus aff. baint Sharpe sp. ? 16409 
Thurmannites cf. thurmanni Pictet et Campiche ...................0.00.000 16417 


In the lower member of the Taraises formation in Cafion de Las Vacas 
(Locality 8) were found specimens of Olcostephanus. Several species of 
Olcostephanus and one specimen of Hoplitides were found in the lower 
third of the member. 


Origin——The calcareous shales and limestones of the Taraises forma- 
tion were deposited as calcareous muds containing considerable amounts 
of argillaceous and organic material. That the sea bottom was fairly 
shallow is shown by the presence of numerous mollusks. Certain portions 
of the sea bottom probably contained stagnant and putrid water, as 
shown by certain dark limestone layers containing ammonites preserved 
as pyrite. If there was a landmass to the north in central Coahuila at 
this time, it must have been very low. That a landmass did exist is indi- 
cated by the sharp contact of the limestones of the Taraises formation 
with the sandstones of the overlying Las Vigas formation. The minor 
quantities, or, in some places, total absence, of shale at the base of 
Las Vigas formation, indicates the absence of a thick soil on the land- 
mass and thereby suggests that the climate was arid during Taraises time. 
If the climate was arid, the limestones of the Taraises formation were 
not necessarily deposited far from the shore. 

Correlation—The partial fauna, already listed, shows clearly that the 


Taraises formation is equivalent to beds that Bése and Burckhardt?* 
have placed in the Valanginian stage. Spath,1> commenting on the age 


144 Carlos Burckhardt: Etude synthétique sur le Mésozoique mezicain, Soc. Paléont. Suisse, Mém., 
vol. XL (1930) p. 126-129. 

1]. F. Spath: The fossil fauna of the Samana Range and some neighboring areas: The Lower 
Cret A ides; with notes on Albian cephalopods from Hazara, Paleontogr. Indica, n. s., 
vol. XV, pt. V (1930) p. 59. 
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Taste 2.—Beds lithologically similar to the Taraises formation 
Region Description of Beds Characteristic Fossils 
Region of Monterrey- “Gray, yellowish-weathering shales, | ‘Astieria’ cf. astieri d’'Orbigny 


Saltillo, Nuevo 
Leén. 


alternating with beds of gray some- 
what siliceous limestone, gray lami- 


ef. bangei Bése 
“ef. symonensis Bése 
Ni it sis d’Orbigny 


nated limestones, and thin to medi 
bedded limestones with inter-calations 
of thin zones of gray shales.’ (Bése, 
(1923) p. 210.) 

Ammonites abundant but in places 
are altered to limonite. Thickness, 
150 meters at least. 


Thurmannia thurmanni Pictet et Cam- 
Piche 

Kilianella cf. lucensis Sayn 

‘Hoplites’ aff. michaelis Uhlig 

Bochianites sp. 

Belemnites sp. 


Sierra de Parras, 
south of General 
Cepeda, Coahuila. 


“Thin to medium bedded light gray 
limestones alternating with shales of 
gray color but weathering yellowish. 
Both the limestones and the shales 
contain numerous ammonites.” (Bése 
(1923) p. 331.) 

Thickness unknown. 


‘Astieria’ aff. jeannoti Sayn 

aff. astiert d’Orbigny 
‘Hoplites’ symonensis Bise 
Kilianella cf. lucensis Sayn 
Bochianites sp. 


Region of Mazapil, 
Zacatecas. 


Yellowish marls and gray, yellow, 
and brownish marly limestone with 
nodules of limonite, alternating with 


‘Astieria,’ (various species) 
‘Hoplites’ sp. 

Polytychites sp. 

Ni ites cf. neocomiensis 


beds of gray or brownish limest 
Contains a large ammonite fauna. 
Thickness 50-70 meters, (Burckhardt 
(1906) p. 12; (1930) p. 126.) 


Thurmannia cf. thurmanni 
Bochianites sp. 


Sierra de Symon and 
Ramirez, Zacate- 
cas. 


Thin-bedded gray limestone with 
brown chert nodules; in many places 
interbedded with reddish-yellow or 
bright-gray marly limestone, which 
contains balls of pyrite, most of which 
are altered to limonite. Thickness, 
100-150 meters. (Bése (1910), p. 617- 
618; Burckhardt (1930) p. 128.) 


‘Astieria’ cf. astieri d'Orbigny 
astieriformis Biése 
symonensis Bése 
zacatecana Bése 
neohispanica Bése 
bangei Biése 
Ee aff. baini Sharpe 
Polyptychites sp. 
‘Hoplites’ sp. 
Kilianella cf. lucensis Sayn 
Bochianites sp. 
Acanthodiscus sp. 


San Pedro del Gallo, 
Durango. 


Marly limestones, marls, and lime- 
stones, grayish and yellowish mainly, 
containing concretions of chert or 
limonite. Thickness, 60-150 meters. 
(Burckhardt (1912) chart p. 229; 
(1930) p. 129.) 


‘Astieria’ cf. sayni Kilian 
‘Hoplites’ cf. periptychus Uhlig 
Ni ites cf. lensi: 
Polyrtychites cf. bidichotomus 
Bochianites sp. 


Galeana (30 miles 
west of Linares) 
Nuevo Leén. 


Medium- and thin-bedded limestones 
with intercalated gray marls. Thick- 
ness unknown. 

(Bése and Cavins (1927) p. 57.) 


Thurmannia thurmanni Pictet et Cam- 
piche 
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of these beds, says that the upper part probably belongs in the Haute- 
rivian stage. 

Beds somewhat similar lithologically to the upper member of the 
Taraises formation, and containing similar or identical species, have 
been reported at a number of places in northern Mexico. The following 
chart lists the described occurrences and the characteristic fossils. 

Some of the beds of Valanginian-Hauterivian age at these localities 
were doubtless formed contemporaneously with the upper member of the 
Taraises formation of the Sierra de Parras. Whether or not they are 
equivalent to both members cannot be answered until further field 
studies are made. At least, it seems certain that, during part of Valan- 
ginian-Hauterivian time, a similar type of sedimentation occurred at 
approximately the same depth, over an area whose minimum east-west 
extent is 250 miles and whose north-south extent is 50 miles. The known 
extent may be defined by the Sierra de Parras and the region of Saltillo- 
Monterrey, on the north, the regions of the Sierras de Symon and Mazapil, 
on the south, and by north-south lines through Monterrey, on the east, 
and San Pedro del Gallo, on the west. As this region has undergone 
strong folding in a north-south direction, the original extent was prob- 
ably twice as great as at present. 


LAS VIGAS FORMATION 


Definition—Las Vigas formation was described by Burrows?® in 
1910, the type locality being the Conchos River valley in northern Chi- 
huahua. His section, from bottom to top, consists of 250 feet of arenace- 
ous limestone, 700 feet of calcareous sandstone, 240 feet of black shale, 
and 750 feet of alternating sandstones and shales that are transitional 
into the shales, gypsum, and limestones of the Cuchillo formation. Burck- 
hardt referred Las Vigas formation to the Neocomian and lower Aptian, 
because it underlies the Cuchillo formation that contains Dufrenoya, a 
characteristic upper Aptian ammonite. Possibly, the beds referred to 
Las Vigas in the Sierra de Parras are not the same age as those at the 
type locality, but they seem to occupy the same stratigraphic position, 
and, until fossils are found to prove the contrary, it seems best to use the 
name, Las Vigas. 


Areal extent—Las Vigas formation crops out only on the western- 
most parts of the Prieta and the Taraises anticlines, excellent exposures 
along the entire north slope of the Sierra de Taraises (Pl. 2, fig. 2). Out- 
crops are numerous along the south side of Cafion Colorin, but the sec- 
tion is obscured by talus, and complicated by minor faulting between 


16 R. H. Burrows: Geology of northern Mexico, Soc. Geol. Mex., Bol., tomo VII, I**® parte (1910) 
Pp. 93, 95. 
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beds. Likewise, the outcrops around the base of Cerro de Las Vacas, a 
ridge along the crest of the Prieta Anticline, are partly hidden by debris. 


Lithology and thickness—The section along Cafion Taraises, measured 
from top to bottom, is as follows: 


Unit Feer 

1. Sandstones, grayish-yellow, thin-bedded to shaly, calcareous, medium-grained, 

2. Limestone, thin-bedded, black, consists mainly of finely comminuted fossils, 

3. Sandstones, thin-bedded to shaly, grayish-yellow, calcareous, medium- 
2 


grained, weather 
4. Limestone, thin-bedded, dark gray, contains fragments of oyster shells...... 8 
5. Limestones, medium-bedded; consist of alternating beds, medium grayish- 


6. Sandstones, thin-bedded to shaly, grayish-yellow, calcareous, medium- 
7. Limestone, light yellowish-gray, weathers lighter.......................... 4 
8. Limestone, dark yellow, weathers light yellow to brown.................... 12 

9. Sandstones, thin-bedded to shaly, grayish-yellow, calcareous, medium- 

10. Sandstone, thin-bedded, dark grayish-brown, weathers dark brown; harder 
65 


and more resistant to erosion than the overlying unit.................... 
11. Limestone, thick-bedded, hard, siliceous, dark yellowish-gray to nearly black, 

weathers dark yellow to dark brown; outcrops as cliffs.................... 30 
12. Sandstones, thin-bedded to shaly, grayish-yellow, medium- to fine-grained, 

weather reddish-yellow; contain many intercalated beds of gray, greenish- 


Las Vigas formation consists principally of grayish-yellow sandstones 
but includes several units of medium- to thin-bedded yellowish or black 
limestones in the upper 240 feet and a persistent unit of siliceous lime- 
stone about 300 feet from the base. No determinable fossils were found. 


Origin—The sandstones of Las Vigas formation are a near-shore 
facies and are probably entirely marine. The repeated alternation of 
limestone and sandstone without intervening shale suggests that at the 
time of deposition a sand facies near the shore graded seaward into a 
calcareous mud facies without an intermediate argillaceous clay facies. 
That the climate on the landmass was arid is suggested by the scarcity 
of shales and by the yellowish color of the sandstones and most of the 
limestones. 

Correlation—Las Vigas formation of the Sierra de Parras doubtless 
belongs in the upper Neocomian, representing probably both the Barre- 
mian and the Hauterivian. It lies conformably on the Taraises forma- 
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tion, which contains fossils of Valanginian and perhaps lower Hauterivian 
age. The nearest section, comparable lithologically and stratigraphically, 
is south of Villa Juarez, Durango.’? Units B and C of Las Vigas forma- 
tion near Villa Juarez are somewhat coarser and much thicker. 

Burckhardt ** has correlated the thick section of arkoses, conglom- 
erates, sandstones, and shales below the Cuchillo limestones in the Sierra 
de San Marcos, southeast of Cuatro Ciénegas, with Las Vigas formation 
in the Conchos River valley of Chihuahua. Beds of definite Valanginian 
age are overlain by thin-bedded limestones in the region between Saltillo 
and Monterrey,’® by limestones in the region of Mazapil, Zacatecas,” by 
limestones and marls near Symon, Zacatecas,” and by limestones, marls, 
and shales at San Pedro del Gallo, Durango.”? 

According to present knowledge, the upper Neocomian is represented in 
north-central Mexico by a coarse shore facies, called Las Vigas forma- 
tion, which was deposited around the margin of a landmass and is rep- 
resented by deposits in the Sierra de San Marcos, in the western end of 
the Sierra de Parras, in the region south of Villa Juarez, Durango, on 
the west slope of the Sierra de Mapimi, and in the Conchos River valley 
of Chihuahua. The deposits in the Sierra de Parras are the thinnest and 
finest. South and east of these localities, there seems to be a limestone 
and shale facies. 

PARRITAS FORMATION 


Definition—The Parritas formation consists principally of grayish- 
yellow and yellowish-gray, thin- to thick-bedded limestones. It is distinct 
lithologically from Las Vigas formation (below) and La Pefia forma- 
tion (above) but is conformable with, and transitional into, both. Cafion 
Parritas, about 8 miles east of La Pefia, is here designated the type 
locality. 


Areal extent and thickness —The Parritas formation is about 1120 feet 
thick. It crops out widely in the western and southern parts of the range, 
forming the middle slopes of the walls at the head of Cafion Taraises 
(Pl. 8, fig. 1), the middle part of the north cuesta fave of the Sierra de 
Taraises (PI. 2, fig. 2), part of the walls of Cafion Parritas, a wide strip 


17.,, B. Kellum: Geology of the mountains west of the Laguna district, Geol. Soc. Am., Bull., 
vol. 47 (1936) p. 1064-1071. 

18 Carlos Burckhardt: op. cit., p. 83, 144-147. 

19 Emil Bése and O. A. Cavins: The Cretaceous and Tertiary of southern Texas and northern 
Mezico, Univ. Texas Bull., no. 2748 (1927) p. 57-58. 

2 Carlos Burckhardt: Géologie de la Sierra de Mazapil et Santa Rosa (Mexico), 10th Intern. Geol. 
Congr., Mexico, Guide bk. XXVI (1906) p. 13. 

21 Emil Bése: Algunas faunas cretacicas de Zacatecas, Durango y Guerrero, Soc. Geol. Mexico, Bol., 
nim. 42 (1923) p. 25-26. 

22. Carlos Burckhardt: Etude synthétique sur le Mésozoique mezicain, Soc. Paléont. Suisse, Mém., 
vol. XL (1930) p. 129. 
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along the south slope of the Sierra de Capulin, part of the north cuesta 
face of Cerro Alto del Cardenchal, and a wide belt of high hills between 
the Sierra de Juan Perez and the Sierra del Capadero. The exposures at 
all these localities are excellent. There is a small outcrop near the head 
of Cafion Grande. 


Stratigraphic and lithologic features—The section along Cafion 
Taraises, measured from top to bottom, is as follows: 


Unit Feer 
1. Limestones, gray, ranging from 1 to 5 feet in thickness but with a few thinner 

beds of grayish-yellow 85 
2. Limestone, medium-bedded, grayish-yellow, weathers to bright yellow...... 75 


3. Limestones, averaging about a foot in thickness but with some beds as much 
as 2 feet thick. About half the beds are grayish-yellow, spotted with pink, 
and weather to a light yellow splashed with pink. The remaining beds, 
which are interbedded with the former, are medium grayish-yellow to gray- 


ish-brown and weather yellowish-gray...................0.00cceeeeeeuees 230 
4. One bed of gray, friable limestone, full of small oyster shells................ 3 
5. Limestone beds, averaging about a foot in thickness; most beds are grayish- 

yellow and weather a light yellow, but some beds are yellowish-gray....... 195 


6. Limestones, medium- to thin-bedded; yellowish-gray beds alternating with 
grayish-yellow beds. The latter are more resistant to erosion and weather 


Origin.—The yellowish limestones are similar lithologically to the yel- 
lowish limestones in the upper part of Las Vigas formation, and were 
probably deposited under similar environmental conditions. They prob- 
ably represent fairly near-shore deposits, formed during the last stage 
of peneplanation of the pre-Aptian landmass. 


Correlation—In the absence of diagnostic fossils, the Parritas forma- 
tion can be compared with only those parts of sections that occupy ap- 
proximately the same stratigraphic position. It seems to be nearest litho- 
logically to Unit 1 in the section measured by Kellum ** on the west side 
of the Sierra de Mapimi, about half a mile south of Puerto de Soldados, 
Durango. Another section containing beds which resemble the Parritas 
formation is near Symon, Zacatecas.** It seems quite possible that the 
90 to 100 feet of reddish and yellowish limestones containing Pulchellia 
and Puzosia are equivalent to some part of the Parritas formation. At 
present, there is no certain evidence concerning the age of the Parritas 


31. B. Kellum: Geology of the mountains west of the Laguna district, Geol. Soc. Am., Bull., vol-. 
47 (1936) p. 1057-1058. 

% Emil Bése: Neue Beitraége zur Kenntnis der mezikanischen Kreide, Centralbl. fiir Mineral., Geol- 
u. Paliont. (1910) p. 621. 
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formation. If it is equivalent to the beds already mentioned, then either 
a Barremian or a lower Aptian age, or both, is possible. 


LA PENA FORMATION 


Defimtion—La Pefia formation includes the lower and the middle 
portions of the mountain-forming limestones, as exposed in the Sierra de 
Parras, lying stratigraphically between the Parritas formation (below) 
and the Aurora limestone (above). Most sections contain minor amounts 
of shale, but, in some, shale constitutes about a third of the total thick- 
ness. The north flank of the Sierra de Taraises, about 3 miles east-south- 
east of Hacienda La Pefia (PI. 2, fig. 2) is designated the type locality. 


Areal extent and thickness—La Pefia formation ranges from 1420 to 
2260 feet in thickness. West of a north-south line drawn through Parras, 
it constitutes nearly half of the area of outcrop and forms the crests of 
all the high mountains. The equally thick-bedded Aurora limestone 
forms the middle or lower slopes. East of the north-south line, the Aurora 
limestone forms the crests of the mountains. This distribution is ex- 
plained by the difference in amount of uplift and degree of folding, 
which have determined the relative rates of erosion. Excellent complete 
sections of La Pefia formation may be seen in Cafion Grande, Cafion 
Parritas (Pl. 5, fig. 1), Cafion Taraises (PI. 7, fig. 1), Cafion Juan Perez, 
Cajion Platanos, on the north slope of the Sierra de Taraises, on the south 
slope of the Sierra de Capulin, and on both the north and the south slopes 
of the Sierra del Capadero. 


Stratigraphic and lithologic features—La Pefia formation consists of 
two members, which may be described as follows: 


(1) The lower member of La Pefia formation differs considerably in 
the various parts of the range. In the northern and western parts, it 
consists of about 1400 feet of light- to dark-gray, thick- to medium- 
bedded limestones, which include some shaly partings. Weathered sur- 
faces are gray to yellowish-gray. The lithologic distinctions between 
these limestones and the Aurora limestones in the Sierra de Parras are 
less than those between any of the members of the other formations. On 
the whole, La Pefia limestones are somewhat less thick-bedded than the 
Aurora limestones are, but this fact is of little aid in distinguishing 
them in the field. The boundary between these formations must be in- 
ferred in most places by the presence of a topographic depression, mark- 
ing the position of the upper member of La Pefia formation. 

The lower member of La Pefia formation, exposed in Cafion Platanos, 
almost due south of Parras, differs from the section described, in being 
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much thicker and shalier. The section in Cafion Platanos, from top to 
bottom, is as follows: 


Unit 


1. 


2. 
3. 


Limestone, thick-bedded, light to medium gray, weathers gray. Most of the 
beds are from 1 to 3 feet in thickness but some are as much as 10 feet...... 
Shales and shaly limestones, dark gray to black, weather yellowish-gray.... 
Limestones, alternating thick- and medium-bedded, dark gray; some brown 
chert nodules in the thicker beds; contain shaly partings................ 


. Limestone, thick-bedded, mostly more than a foot in thickness, medium to 


. Limestones, thick-bedded, gray, alternating with an equal amount of thin- 


. Shale, nodular, calcareous, gray, weathers gray; contains several limestone 


. Thin-bedded limestones alternating with an equal amount of gray calcareous 


. Shale, nodular, calcareous, gray, weathers gray; contains several thin beds 


. Limestone in beds, from 1 to 2 inches thick, gray.................0.2000005 
. Limestone, thin-bedded, gray, most beds less than 6 inches thick........... 
. Limestone in beds, 6 inches to 3 feet thick, but averaging about 10 inches, 


gray, weathers gray to yellowish-gray; contains some shaly partings..... 


. Shales, calcareous, nodular to fissile, dark gray, weather grayish-yellow..... 
. Limestone, medium-bedded, averaging about 8 inches in thickness, gray, 


weathers gray; contains many shaly partings........................... 


Feet 


340 


(2) The upper member of La Pefia formation ranges from 50 to 80 
feet in thickness and consists of thin-bedded limestones and shales. Both 
thickness and lithology vary rapidly laterally. Numerous well-preserved 
fossils of upper Aptian age were found on the Cuesta del Cura and in 
Cafion Parritas, and a few oysters were found in Cafion Grande. 
member is persistent throughout the entire western part of the Sierra de 
Parras. It weathers easily, forming a slight topographic depression. 


The 


The section on Cuesta del Cura, from top to bottom, is as follows: 


Unit Feet 

1. Limestones, thin-bedded to shaly, dark gray to black, weather light gray to 

2. Limestone, black, in beds, 6 to 14 inches thick, weather dark gray. A bed in 

3. Limestones, thin-bedded to shaly, gray, and containing numerous ammonites, 

4. Limestones, black, in beds, from 6 to 12 inches thick, weather dark gray; con- 
5. Limestones, thin-bedded to shaly, dark 18 

6. Limestones, nodular, light gray, weather gray to yellew, and contain numerous 
gastropods, oysters, pelecypods, and some ammonites...................... 10 
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In Cajfion Grande, about half a mile east of Cuesta del Cura, the upper 
member consists of 60 feet of interbedded dark-gray thin-bedded lime- 
stones, gray to yellow and pinkish calcareous shales, yellow and pinkish 
sandy shales, and several beds of gray to pink, sugary grained limestone, 
which superficially resembles medium-grained sandstone. 

The sugary grained limestone consists of loosely bound rhombohedrons 
of calcite, averaging about one-fourth millimeter across their longest 
diameter. The interspaces contain much magnetite and some hematite. 

In Cajion Parritas the section, from top to bottom, is as follows: 


Unit Feet 
1. Limestone, black, contains ammonites and echinoids.......................5. 3 
2. Limestones, black, nodular, wavy-bedded, fossiliferous, in beds ranging from 

4 to 12 inches in thickness; with interbedded calcareous shales; several thin 


beds of pinkish, shaly siltstone near the 10 

4. Limestones, black, interbedded with buff shales, fossiliferous.................. 5 
5. Limestones, black, in beds, 1 to 24% feet thick, separated by shaly partings; 

6. Limestones, black, nodular, 20 


On the south slope of the Sierra de Taraises, about a quarter of a mile 
west of Cafion Taraises, the upper member of La Pefia formation is about 
52 feet thick and consists of thin-bedded and shaly limestones in which 
no fossils were observed. In Cafion Platanos the member consists of 70 
feet of dark-gray to black, nodular calcareous shales and a few thin beds 
of dark-gray limestones. No fossils were found. 


Paleontology.—The fossils collected from the upper member of La 
Pefia formation on the Cuesta del Cura (Locality 4) have been partly 
identified by L. B. Kellum, as follows: 


Locality 4 
Univ. Mich. No. 

16478, 16581, 17202 

Exogyra aff. plexa 16586, 16591 
Pecten (Neithea) aff. wrighti Shumard............ 16594 

Lunatia pedernalis Hill (non Roemer)............ 16593 

Neocomites nazasensis Burckhardt............... 16584 

Dufrenoya texana Burckhardt.................... 16472, 16589, 16596 


Dufrenoya aff. dufrenoyi d’Orbigny............... 16580, 17217 
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Locality 4 (continued) 
Univ. Mich. No. 


See 16480, 16578, 16582, 16583, 17214 
16475 

Douvilleiceras aff. nodocostatum d’Orbigny....... 16597, 17219 

Douvilleiceras aff. bigoureti Jacob................ 16474, 16588 

Crioceras trispinosoides Burckhardt.............. 17215 


The fossils collected from the upper member of La Pefia formation in 
Cafion Parritas (Locality 13) have been partly identified by L. B. Kel- 
lum, as follows: 


Locality 13 
“aid = Univ. Mich. No. 
17209 
Dujfrenoya aff. dufrenoys d'Orbigny. 17207, 17211 


Correlation —The upper member of La Pejia formation contains many 
species that definitely place it in the upper Aptian, corresponding to the 
Travis Peak formation of Texas. A similar faunule has been found at 
several places in northeastern Mexico.”> Bése found it in the Sierra del 
Burro, southwest of Del Rio, Texas, in the Cafion de Vallas, near Saltillo, 
near Cuchillo Parado, Chihuahua, and in the Cajon del Barril, near 
Cuatro Ciénegas, Coahuila. Burckhardt ?* discovered the fauna in the 
Cajion de Fernandez of the Rio Nazas, in Durango. 

Limestones of Aptian age have been measured in few places in Mexico, 
and, consequently, it is difficult to make a comparison of thickness with 
La Pefia formation in the Sierra de Parras. 

In the region of Saltillo and Monterrey, the base of the Aptian, accord- 
ing to Bése and Cavins,?’ is formed of gray, thick-bedded limestones, 
containing Requienia and Monopleura that could not be determined spe- 
cifically. Above these beds are reddish to gray marls and thin-bedded 
black limestones, about 100 feet thick, containing a large faunule of 
upper Aptian age. These fossiliferous beds are certainly the same age 
as is the upper member of La Pefia formation of the Sierra de Parras. 


% Emil Bése and O. A. Cavins: The Cretaceous and Tertiary of southern Tezas and northern 
Merico, Univ. Texas Bull., no. 2748 (1927) p. 21-22, 84. 
Walter S. Adkins: The Mesozoic systems in Texas, in The geology of Texas, vol. 1, Stratigraphy, 
Univ. Texas Bull., no. 3232 (1932) p. 294. 
Carlos Burckhardt: Neue Untersuchungen iiber Jura und Kreide in Meziko, Centralbl. fiir 
Mineral., Geol. u. Paliont. (1910) p. 664. 
27 Emil Bése and O. A. Cavins: op. cit., p. 19. 
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The underlying thick-bedded limestones are doubtless equivalent to the 
lower member of La Pefia formation. 

Burckhardt ** notes that below the upper Aptian beds on the banks of 
the Rio Nazas are 400 meters of thick-bedded gray limestones containing 
Requienia. He considers these beds a reef facies and assigns them to 
the Barremian and Aptian.*® They are probably equivalent to the lower 
member of La Pefia formation of the Sierra de Parras. 

The middle Cretaceous limestones in the Sierra de Jimulco * have not 
been measured, but they seem to be similar to those in the Sierra de 
Parras. 

d In the region of Las Delicias,** north of the Sierra de Parras, the equiva- 
. lents of La Pefia formation consist of about 1600 feet of interbedded 
dolomite, limestone, and gypsum, assigned to the Cuchillo formation. 

At San Pedro del Gallo, Durango, the Aptian is 985 to 1310 feet (300 
to 400 meters) thick ** and consists of gray and yellow limestones with 
nodules of limonite and intercalations of chert. Near Mazapil, Zacatecas, 
are similar limestones, from 1310 to 1640 feet (400 to 500 meters) thick,°* 
of which at least the upper part is Aptian. In the Muralla Valley, south- 
west of Bajan, Coahuila, Kellum ** found the Aptian? to be over 1080 
feet (329 meters) thick and to consist of gray siliceous limestones. 


Facies.—La Peiia formation of the Sierra de Parras is probably part 
of the same facies of the Aptian as that near Saltillo and in the region of 
the Rio Nazas. North of the Parras Basin the Aptian is represented by a 
gypsiferous facies. Burckhardt ** says that the Barremian and Aptian 
deposits, south of a line from Torreén to Saltillo, are bathyal. 

La Pefia formation, exposed in Cafion Platanos, about 8 miles south of 
Parras, contains considerable shale and shaly to thin-bedded limestones. 
The middle Cretaceous of the Sierra de Jimulco also contains large 
amounts of shale interbedded with the limestone.*® The presence of 
shale deposits suggests that during Aptian time a landmass existed in 
northern Coahuila or Texas, north of the area of lagoonal deposits. Prob- 
ably, rivers drained the land, and wherever they emptied into the ocean 
the line of lagoons and reefs was broken. Mud may have been deposited 


29> Carlos Burckhardt: Etude synthétique sur le Mésozoique merzicain, Soc. Paléont. Suisse, Mém., 
vol. XL (1930) p. 138-140. 

30], B. Kellum: Reconnaissance studies in the Sierra de Jimulco, Mezico, Geol. Soc. Am., Bull., 
vol. 43 (1932) p. 549-550. 

31W. A. Kelly: Geology of the mountains bordering the valleys of Acatita and Las Delicias, 
Geol. Soc. Am., Bull., vol. 47 (1936) p. 1022-1027. 

82 Carlos Burckhardt: op. cit., p. 129. 

33 Op. cit., p. 126. 

% Op. cit., p. 145-147. 

85 Op. cit., p. 135-138. 
% 1. B. Kellum: op. cit., p. 549-550. 


28 Carlos Burckhardt: op. cit., p. 664. 
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in the ocean opposite the mouths of the rivers, and some might have been 
swept out to the zone of limestone deposition, where it could accumulate 
to considerable thicknesses or be spread along the coasts by ocean cur- 
rents. If such was the case, one may expect to find the reef facies of the 
Aptian grading locally into a shale facies that may be somewhat thicker. 


AURORA LIMESTONE 


Definition.—The Aurora limestone formation was named by Burrows,°? 
from exposures near the Aurora mine in the Cuchillo Parado range of 
Chihuahua. At the type locality, it is 600 to 1500 feet thick and consists 
of nearly pure thick-bedded limestones containing numerous chert and 
iron concretions and many poorly preserved fossils. 


Areal extent and thickness—The Aurora limestone varies considerably 
in thickness, being 420 feet thick on the north side of the range, on the 
Cuesta del Cura; about 580 feet thick on the south side of the range, 
along Cajion Platanos; and about 740 feet thick, toward the west end of 
the range, along Cafion Taraises. It crops out widely in the Sierra de 
Parras, forming the crests of the mountains in the region southeast of 
Parras, and usually as rather wide bands along the lower or middle 
slopes of the mountains to the west. Good sections are easy to find. 


Stratigraphic and lithologic features——The Aurora consists of light- to 
dark-gray limestone beds, ranging from 6 inches to 4 feet in thickness, 
and averaging about 10 inches. Shaly partings are common. Some beds 
bear a few nodules of yellowish-brown chert. Weathered surfaces are 
gray to yellowish-gray. Rudistids are found throughout the formation, 
in nearly all sections, but are especially common near the top. One locality 
where they can be observed in great profusion is along the trail from 
Rancho Juan Perez to Rancho Capulin, across the western base of the 
Sierra de Prieta. The contacts with the underlying La Pejia formation 
and with the overlying Cuesta del Cura limestone are rather sharp. 


Origin—The Aurora limestone is a reef deposit, which, undoubtedly, 
explains its variations in thickness within distances of a few miles. 


Correlation—Limestones similar lithologically to the Aurora of the 
Sierra de Parras, and occupying a similar stratigraphic position, crop out 
at many places in northeastern Mexico.** Bose and Cavins have cor- 
related these limestones with the lower and middle Albian, which, they 
have shown, is in two facies, a reef and a bathyal facies. The reef facies 
is characterized by the presence of numerous rudistids and caprinids. It 
has been identified in the Sierra de Bustamante in eastern Coahuila, in 


37R. H. Burrows: Geology of northern Merzico, Soc. Geol. Mex., Bol., tomo VII, 1¢™ parte 
(1910) p. 96-97. 
38 Carlos Burckhardt: op. cit., p. 126, 129, 138-140. 
Emil Bése and O. A. Cavins: op. cit., p. 23-25, 58-65. 
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Figure 2. WEST FROM SMALL HILL, ABOUT 5 MILES WEST OF PARRAS 
Klp, La Pefia fm.; Ka, Aurora Is.; Kc, Cuesta del Cura ls.; Ki, Indidura fm.; Kp, Parras shale. 
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the Sierra de Pajaros Azules in northwestern Nuevo Leon, in the moun- 
tains between Monterrey and Saltillo, and in the Sierra de Parras,*® 
south of General Cepeda. The Aurora limestone in the western part of 
the Sierra de Parras is certainly part of this reef facies. Bose and Cavins*° 
state that the reef facies of the middle Albian ends toward the south in 
the Sierra de Parras and the Sierra de Jimulco. They have shown *' that 
the reef facies of the lower and middle Albian ends toward the east in 
the eastern part of the Sierra Madre Oriental, where it is replaced by a 
bathyal facies in Tamaulipas and northeastern Nuevo Leén. Burck- 
hardt *? considers that a bathyal facies of the Albian exists at Mazapil, 
Zacatecas; in the lower beds near San Pedro del Gallo, Durango; near 
Opal; and in the Sierra de Fraile, about 60 kilometers (37.5 miles) north 
of Concepcién del Oro, Zacatecas. 


CUESTA DEL CURA LIMESTONE 


Definition—The Cuesta del Cura limestone includes the compact, 
thin-bedded limestones and black cherts that constitute the highest beds 
of the mountain-forming limestones of the Sierra de Parras and lie strati- 
graphically between the massive reef limestones of the Aurora formation 
(below) and the argillaceous or gypsiferous shaly and thin-bedded lime- 
stones of the Indidura formation (above). The type section is on the 
Cuesta del Cura, about 4 miles west of Parras. At this place the section 
is excellently exposed (PI. 8, fig. 2). 


Areal extent.—In the Sierra de Parras, southwest of Parras, the forma- 
tion crops out as rather narrow bands along the base of the mountains. 
South and southeast of Parras the exposures are much wider and extend 
entirely across the low cuestas. Many good sections can be found, as the 
formation is extremely resistant to erosion. 


Stratigraphic and lithologic features; thickness—On the Cuesta del 
Cura, this limestone is about 210 feet thick and consists mainly of dark- 
gray to black, compact, wavy-bedded, thin-bedded limestones, but, 
throughout, includes gray shaly partings and numerous chert stringers. 
Some of the limestone beds are finely laminated, with alternate dark- 
gray and black bands. At the top are 4 to 5 feet of compact, thick- 
bedded limestone, the upper surface of which is slightly uneven and 
sharply differentiated lithologically from the overlying Indidura forma- 
tion. 

The section of the Cuesta del Cura limestone along Cafion Taraises is 
similar in lithology and thickness to the section on the Cuesta del Cura. 


39 Emil Bose: Vestiges of an ancient continent in northeast Mezico, Am. Jour. Sci., 5th ser., 
vol. 6 (1923) p. 331. 

4) Emil Bése and O. A. Cavins: op. cit., p. 86. 

41 Op. cit., p. 59-64. 

«2 Carlos Burckhardt: op. cit., p. 166-170. 
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Along Cajion Platanos the formation is slightly different. It consists 
mainly of 230 feet of medium- to dark-gray, compact, wavy-bedded, thin- 
bedded limestones, with many stringers of black chert. Most of the lime- 
stone beds range from 4 to 6 inches in thickness; many are separated by 
shaly partings. At the top is from 9 to 12 feet of gray, compact, thick- 
bedded limestone, with bands of black chert. The contact with the Indi- 
dura formation (above) is sharp and slightly uneven. 


Origin.—The Cuesta del Cura limestone was probably deposited in 
deeper waters than was the underlying Aurora limestone. Burckhardt ** 
considers that similar beds, of Albian age, in north and central Mexico 
were formed in the upper part of the bathyal zone. The thick-bedded 
limestone constituting the highest few feet of the formation probably 
indicates a rapid shallowing of the ocean floor. A sudden change in the 
conditions of sedimentation at the end of the deposition of the Cuesta 
del Cura limestone is indicated by its sharp, slightly irregular contact 
with the overlying Indidura formation (PI. 8, fig. 2). Silts and gypsum 
in the basal beds of the Indidura formation in some localities show that 
the sea had become much shallower. 


Correlation—The Cuesta del Cura limestone in the Sierra de Parras 
has not yielded fossils, but it seems to be nearly identical with beds, 
widely distributed over much of northern Mexico in the States of Tamau- 
lipas, Coahuila, Chihuahua, and San Luis Potosi,** that have been cor- 
related with the upper Albian, on the basis of fossils. 

If Burckhardt’s * observations are correct, the entire Albian in the 
region of Mazapil is represented by a deeper-water facies, known as the 
Tamaulipas limestone, which is lithologically similar to the Cuesta del 
Cura limestone of the Sierra de Parras. Accordingly, the Aurora lime- 
stone, which is a reef facies of lower and middle Albian age, should pass 
southward from the Sierra de Parras to the Tamaulipzs limestone facies, 
which also includes beds equivalent to the Cuesta del Cura limestone. 


INDIDURA FORMATION 


Definition —The Indidura formation was described by W. A. Kelly,** 
on the basis of exposures at the southern end of the Sierra de Santa Ana, 
about 12 miles west-southwest of Las Delicias, Coahuila. At this place, 
the Indidura formation is about 100 feet thick and consists of shales, 
rubbly limestones, and platy limestones that contain fossils of upper 
Albian, Cenomanian, and Turonian age. 


43 Op. cit., p. 170. 

“Emil Bése and O. A. Cavins: The Cretaceous and Tertiary of southern Texas and northern 
Merico, Univ. Texas Bull., no. 2748 (1927) p. 64-65, 88-90. 

45 Carlos Burckhardt: op. cit., p. 126-166. 

46W. A. Kelly: Geology of the mountains bordering the valleys of Acatita and Las Delicias, 
Geol. Soc. Am., Bull., vol. 47 (1936) p. 1028-1029. 
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Areal extent and thickness.—The Indidura formation crops out widely 
in the Sierra de Parras, forming the surface exposures in all the synclinal 
valleys. Its thickest, and best, exposures are along the northern base of 
the range (PI. 5, fig. 2). In the Lomas de San Pablo, the complete section 
is well exposed and is about 2140 feet thick. 


Stratigraphic and lithologic features—The Indidura formation in the 
Sierra de Parras consists of five distinct members, all easy to recognize 
and to distinguish from each other, but transitional into each other within 
narrow limits. The lower four members crop out in the mountain valleys 
south of Parras, but Member 5 crops out only along the northern base 
of the range. 

Member 1, at the bottom, varies considerably in thickness and lithology, 
increasing in thickness toward the south and west and in coarseness to- 
ward the west. Gypsum is found on the Cuesta del Cura and in the 
vicinity of Parras. When tunnels for water were driven into the high 
hills south of Parras, large amounts of gypsum were found in the crests 
of the anticlines, according to Salvador Madero. Member 2 consists 
almost exclusively of shales, ranges from 650 to 1045 feet in thickness, 
and thickens rapidly westward from the Lomas de San Pablo. It weathers 
easily to form pronounced topographic depressions, which are usually 
covered with alluvium. Member 3, about 700 feet thick, consists of alter- 
nating shales and limestones. The shales are the most abundant in all 
sections, but the limestones become increasingly more abundant toward 
the east. In all sections, many beds of black limestone, which weather 
to bright orange, are exposed. At Rancho Barbara the member contains 
thin seams of sulphur. Member 4 consists of shales with a few beds of 
black limestone, which weather to bright orange. The shales weather 
easily to form a topographic depression. On the Lomas de San Pablo the 
thickness is 340 feet. Member 5, seen only on the Lomas de San Pablo, 
consists of about 100 feet of thin-bedded and shaly limestones. The meas- 
ured sections will now be described in detail, from top to bottom. 


Section across the Lomas de San Pablo 


INDIDURA FORMATION 
Unit 
Member 6 
1. Limestones, thin-bedded to shaly, brownish-black to yellowish- 
brown. A few light yellowish-brown beds with irregular surfaces 
contain numerous organic markings. Collection 7, obtained near 
the top, has been identified by Kellum, as follows: Peroniceras 
sp. (aff. subtricarinatum d’Orbigny) Burckhardt (Univ. Mich. 
17239a), P. sp. (cf. bajuvaricum Grossouvre) Burckhardt (Univ. 
Mich. 17239b), Inoceramus cf. converus Meek (Univ. Mich. 


Feet 
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Section across the Lomas de San Pablo (continued) 
Unit 
Member 4 


2. Shales, brownish-black to black, calcareous, with a number of thin 
beds of brownish-black 
3. Shales, brownish-black, calcareous, with a few beds of black lime- 
stone, from 2 to 8 inches thick, weathering to a bright orange.... 


Member 3 


4. Black shaly limestones and shales mainly; beds of black limestone, 
ranging from 6 to 12 inches in thickness, exposed about every 10 
to 15 feet The shales become more abundant toward the top. 
Many of the thicker limestone beds weather to a light yellow or 
bright orange. Shells of Jnoceramus are common, associated with 
the limestones. Collection 6 from the base contains Jnoceramus 
sp. ef. J. labiatus Bose [Inst. Geol. Mex., Bol. 30, lam. II, fig. 3] 

5. Shales with interbedded limestones. The shales are gray to black, 
fissile to nodular, and form about two-thirds of the unit. The 
limestones are black, range from 1 to 12 inches in thickness, and 
become more common toward the top. Most of them weather 
grayish-yellow, but a few weather bright orange................. 


Member 2 


6. Shales, dark gray to black, rarely pinkish, fissile to nodular, cal- 
careous, with a few beds of black limestone, ranging from 1 to 12 
inches in thickness. The shales weather gray to brown, and in 
some places pinkish. The limestones weather to a light yellowish- 

Member 1 


7. Thin-bedded limestones with interbedded shales. The limestones 
are black, thinly laminated, and weather to light yellowish-gray. 
The shales are dark gray, fissile to thinly laminated, in places 
gypsiferous, and weather gray. Collection 5, obtained 130 feet 
from the base, contains Turrilites sp. ef. T’. scheuchzeri (Bose)? 
(Univ. Mich. 17237). There is an abrupt change in lithology at 
the contact with the Cuesta del Cura limestone................. 


Section across Cerro Ceniza near Parras 
INDIDURA FORMATION 


Member 3 


1. Limestones, black, thin-bedded, with interbedded shales, which are 
dark gray, thinly laminated and calcareous. Inoceramus labiatus 
Schlotheim (Univ. Mich. 17234), and J. sp. (aff. cycloides Wag- 
ner) Bose (Univ. Mich. 17235) (Coll. 2) are abundant in the 

2. Shales, with some interbedded limestones. The shales are calca- 
reous, dark gray to black. The limestones are thin-bedded, thinly 
laminated, and weather gray to yellowish-brown................ 
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Section across Cerro Ceniza near Parras (continued) 


3. Limestones and shales, interbedded in about equal proportion; 
4. Limestones, dark brownish-black to black, thinly laminated, shaly 
to thin-bedded; beds are harder and thicker toward the top, and 
two beds in upper 20 feet weather to bright orange. Fragments 
of Inoceramus labiatus Schlotheim and fish found near the base. 
5. Shales, fissile, black, with interbedded limestones forming about 
one-third of the total thickness. The limestones are black, thin- 
6. Shales, with interbedded limestones forming about one-fourth of the 
total thickness. Shales are calcareous, dark gray, thinly lam- 
inated, and weather yellowish-gray. Limestones are brownish- 
black, friable, thinly laminated, contain limonite concretions, 
weather yellow to brown, and crop out in beds, from 8 to 10 
7. Shales, as in Unit 6, and one 14-inch bed of light yellowish-brown 
8. Shales, black, thinly laminated, with interbedded black limestones 
forming one-third of the total and most abundant near the top.. 
9. Shales, black, fissile to nodular, caleareous; several beds of black 
10. Thin-bedded black limestones, interbedded with black shales in 
about equal proportions; becomes shalier toward base.......... 


Member 2 


11. Shales, black, calcareous, fissile to nodular; a few thin lenses of 
black limestone, which weather yellow to bright orange......... 
12. Thin-bedded, black limestones, interbedded with black shales...... 
13. Shales, black, calcareous, fissile to papery..................020005 
14. Black limestones and shales in equal proportions. Limestones in 
beds ranging from 1 to 2 feet in thickness...................... 
15. Shales, black, calcareous, fissile to nodular, with a few intercalated 


Section across the lower part of the Cuesta del Cura 
INDIDURA FORMATION 


Member 4 


1. Shales, calcareous, gray to black, and a few thin beds of black, thinly 
laminated limestones, which weather gray to yellowish-brown. ... 


Member 3 


2. Shales, with interbedded limestones forming about one-third of the 
total thickness. The shales are black, calcareous, fissile to nod- 
ular, and weather gray. The limestones are black, thinly lam- 
inated, range from 2 to 4 inches in thickness, and weather gray 
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Section across the lower part of the Cuesta del Cura (continued) 
Unit Feet 
Member 2 
4. Shales, black, thinly laminated, containing numerous beds of black 
limestone, which range from 4 to 20 inches in thickness and 


weather yellow or bright orange....................c0ceeeeueee 120 
5. Shales, calcareous, grayish-brown, thinly laminated............... 45 
6. Shales, calcareous, black, nodular.....................0...00ee0es 40 
7. Shales, calcareous, grayish-brown, thinly laminated, containing a 

few bode of black Timestone. 30 
8. Shales, calcareous, black, nodular, weather easily and usually forin 


9. Shales, calcareous, grayish-brown to black, fissile to nodular in the 
upper part but becoming papery toward the base. Every 30 to 
50 feet is a thin bed of black limestone, which weathers yellow to 
10. Shales, calcareous, grayish-brown to black and locally pinkish, 
thinly laminated to papery. About every 5 feet ig a thin bed of 
black limestone, which weathers gray to yellow................. 190 
Member 1 
11. Limestones interbedded with shales, in equal proportions. The 
limestones are thin-bedded, dark gray to black, range from 1 to 
16 inches in thickness, and weather gray to yellow. The shales 
12. Shales and a few beds of black limestone ranging from 4 inches to 
2 feet in thickness. The shales are calcareous, gray to yellow and 
locally pinkish, and weather yellow to cream and pink. Some 
shales are sandy, others are gypsiferous....................... 57 
13. Dark-gray shaly limestones and shales, with intercalated beds of 
black limestone ranging from 2 to 18 inches in thickness and form- 
ing about one-fourth of the total unit. The shales are locally 
a 14. Limestones, thin-bedded, black, weather grayish-yellow............ 8 
Ss) 15. Light yellowish-brown to pink sandy shales, silt-stones, and brown- 
: ish shaly limestones; contains a few beds of brownish-black lime- 
stone, from 3 to 6 inches thick in the upper part................ 40 


2505 
Section along Cation Platanos 
INDIDURA FORMATION 
Member 1 

1. Thin-bedded limestones, with interbedded dark-gray calcareous 

shales forming about one-third of the unit. The limestones are 

dark gray to black, weather yellowish-gray, crop out in beds aver- 

aging 2-3 inches in thickness but with many beds as much as 6 


The Indidura formation of the Sierra de Parras was first studied by 
Bose *7 in 1906, when he prepared a map and brief descriptions of the 


47 Emil Bose: Excursions dans les environs de Parras (Mezico), 10th Intern. Geol. Cong., Mexico, 
Guide bk. XXIII (1906) p. 3-4. 
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rocks in the vicinity of Parras for the Tenth International Geological 
Congress. The subdivisions of the formation, which he considered Turon- 
ian in age, have been tabulated by Burckhardt,** from top to bottom, as 
follows: 


5. “Calcareous shales and shaly limestones in thin beds with intercalations of argil- 
laceous shales, light gray to dark gray, thickness of 200 meters. One finds there 
numerous Inoceramus labiatus Sch. and Acanthoceras cfr. Schlueterianum 
Laube and Bruder. 

4. “Limestones in thick beds, bluish-black in the interior and the color of iron oxide 
on the surface, with Inoceramus labiatus Schl. 

3. “Calcareous shales and dark gray argillaceous shales with Inoceramus labiatus 
Schl. 10-20 meters. 

2. “Dark gray argillaceous shales and limestones poor in fossils. 

1. “Light gray to yellow limestones of slight thickness with Inoceramus labiatus 
Schl., Aptychus sp. and a bed of gastropods (Actaeonella ?).” 


The foregoing section probably belongs entirely in Members 2 and 3 
of the present writer’s classification. Bése evidently did not observe 
Members 4 and 5. 


Origin——The Indidura formation was undoubtedly formed in fairly 
shallow waters, as indicated by the large quantity of black shale and by 
the presence of gypsum and siltstone in the basal member. The formation 
is so much thicker than formations of equivalent age to the north, in 
Coahuila and Texas, that the source of its sediments was probably to 
the south or west. If this is true, then a landmass in central and western 
Mexico was already beginning to rise in Cenomanian time. Perhaps the 
black shales of the Indidura formation represent a mantle of soil, which 
had accumulated slowly on a landmass and then was swept off quickly 
by streams, as the land began to rise. 


Correlation—In the Sierra de La Pefia, to the west of the Sierra de 
Parras, the Indidura formation is probably 1500 feet thick. It is repre- 
sented mainly by dark-gray, fissile, caleareous shale, but includes several 
beds of black limestone. The basal 68 feet contains a greater proportion 
of limestone than do the overlying beds. The formation includes gray 
and black limestones, gypsiferous sandy marls, gray calcareous shales, 
and sandy shales and, according to T. S. Jones,*® contains fossils of upper 
Albian, Cenomanian, and Turonian age. 

The greater thickness of the Indidura formation near Parras than at 
the type locality suggests that the time of deposition was probably much 
longer. The upper Albian beds that mark the base of the formation in 


48 Carlos Burckhardt: Etude synthétique sur le Mésozoique mezicain, Soc. Paléont. Suisse, Mém., 
vol. XL (1930) p. 219. 

#T. S. Jones: Geology of Sierra de La Pea and paleontology of the Indidura formation in 
Sierra del Sobaco, Coahuila, Mexico, Geol. Soc. Am., Spec. Pap. (in press). 
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the Sierra de Santa Ana and in the Sierra de La Pejfia were probably de- 
posited in waters of shallow or moderate depth. In the Sierra de Parras, 
however, the upper Albian beds are quite distinct lithologically from the 
overlying beds and were probably deposited in fairly deep waters. The 
deeper-water facies of the Albian of the Sierra de Parras is here called 
the Cuesta del Cura limestone. 

Members 1 and 2 of the Indidura formation near Parras are probably 
of Cenomanian age, although no diagnostic fossils have been discovered. 
Bose and Cavins *° state that “above the Albian in Nuevo Leon, Coahuila, 
and Tamaulipas occurs a series of sandy shales and limestones alternat- 
ing with thin bedded limestones and argillaceous shales and marls, mostly 
of gray color and weathering yellowish. Although these beds, which are 
not thicker than 100 to 160 meters, have not yet rendered any fauna, 
their position between the upper Albian and the Turonian leaves no 
doubt with respect to their age.” 

Member 3 of the Indidura formation contains Inoceramus labiatus 
and is, therefore, quite definitely Turonian. The shales and limestones 
of Member 4 are similar to those of Member 3 and are, therefore, pro- 
visionally considered Turonian, but they may be lower Coniacian. 

Turonian beds, similar lithologically and faunally to Members 3 and 
4 of the Indidura formation, crop out over much of northeastern Mexico.** 
The most common fossils found in these beds are Inoceramus labiatus 
Schlotheim, J. hercynicus Petraschek, Prionotropis ?, Ostrea lugubris 
Conrad, fish scales, and bones. These fossils indicate a correlation with 
the Eagle Ford of Texas. 

Member 5 is definitely Coniacian, as it contains the ammonite Peroni- 
ceras, and is, therefore, a shaly facies of the Austin chalk of Texas. How- 
ever, it probably represents only the lower part of the Austin chalk. 


PARRAS SHALE 


Definition —The name Parras is here applied to a thick mass of black 
shales, lying between the Indidura formation (below) and the Difunta 
formation (above). The base is marked by sharp, but apparently con- 
formable, contact with the Indidura formation. The upper boundary is 
marked by beds that are transitional into the typical sandy shales and 
sandstones of the Difunta formation. The type locality is the Lomas de 
San Pablo, about 4 miles east of Parras. The formation is named for 
several exposures in the northern outskirts of the city of Parras. 


Areal extent and thickness——No outcrops of the Parras shales were 
observed within the area of the Sierra de Parras, but outcrops are numer- 


50 Emil Bése and O. A. Cavins: The Cretaceous and Tertiary of southern Texas and northern 
Merico, Univ. Texas Bull., no. 2748 (1927) p. 65. 
51 Op. cit., p. 66-68. 
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ous on the plain along the northern base of the range, in an east-west 
belt, from 1 to 14%4 miles wide. The greater part of this belt is covered 
with alluvium, and most of the outcrops are small. In the vicinity of 
Parras, the Parras shales are strongly folded and usually dip northward 
at angles ranging from fifty to sixty degrees. Westward from Parras, 
they are crumpled and faulted. An excellent section, exposed on the west 
face of the Lomas de San Pablo, is complicated by only one anticline. 
A thickness of 2300 feet was measured with a tape, from the contact 
with the Indidura formation northward to the bottom of the first syncline. 
Obviously, the true thickness is 400 or 500 feet greater. 


Lithologic features—The Parras formation consists of at least 2300 
feet of calcareous, dark-gray to black, fissile to nodular shales, with thin 
beds of calcareous, fine-grained, yellow sandstone at intervals of several 
hundred feet. 


Origin—The Parras shales were deposited as calcareous muds, prob- 
ably in fairly shallow water. Their source was undoubtedly to the south 
or west, for they grade northward into limestones and marls. Their 
sharp contact with the underlying Indidura formation suggests that some 
change had taken place in the relations of land and sea. 


Correlation.—Pending the study of micro-organisms of the Parras 
shale, correlation must be based on stratigraphic position and lithology. 
The highest beds of the Indidura formation (below) contain fossils of 
Coniacian age and are, therefore, equivalent to the lower part of the 
Austin chalk of Texas. The Difunta formation (above) is mainly of 
Campanian age and equivalent to the Taylor marl of Texas. Lithologi- 
cally, the Parras shales are similar to the Papagallos shales of eastern 
Mexico. It seems almost certain that they are mainly of Santonian age, 
but they may also represent highest Coniacian. Tentatively, they are 
correlated with the middle part of the Papagallos shales and the upper 
part of the Austin chalk. 


DIFUNTA FORMATION 


Definition —The name, Difunta formation, was applied by the writer,°? 
to the beds exposed in El Pozo-Boquillas hills, north of the west end of 
the Sierra de Parras. They belong to the Exogyra ponderosa zone and 
have a total thickness of at least 12,000 feet. The name was taken from 
Cerro Difunta, a moderately high hill about 3 miles north of El Pozo. 


Areal extent.—The hills, lying within a triangle defined by Paila, on 
the northeast, San Lorenzo, on the southeast, and La Bola, on the west, 
as well as by a few outlying hills near E] Milagro and Ceres, are com- 


52R. W. Imlay: Stratigraphy and paleontology of the Upper Cretaceous beds along the eastern 
side of the Laguna de Mayrdn, Coahuila, Mezxico, Geol. Soc. Am., Spec. Pap. (in press). 
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posed of sandstones and shales belonging, for the most part, to the Di- 
funta formation. A few outcrops of the formation are in the low plain 
lying between the hills and the Sierra de Parras. The contact between 
the Parras shales and the Difunta formation has been seen only in the 
Lomas de San Pablo, about 2 miles north of the base of the range. West- 
ward from this locality the contact probably gradually draws nearer to 
the Sierra de Parras, and, north of the west end of the range, it should 
lie within 114 miles of its base. The Difunta formation certainly exists 
east of La Paila and San Lorenzo but has not been studied in detail. 


Lithologic features—The Difunta formation consists mainly of shaly 
and thin-bedded sandstones but bears a number of shale units, numerous 
intercalated thick-bedded sandstones, and many beds of conglomerate 
whose pebbles consist of Lower Cretaceous limestone. Most of the sand- 
stones are gray, and the shales, black, but some are red, brown, yellow, 
or green. All are highly calcareous. The sandstones consist of medium 
to fine quartz grains, abundant magnetite, and some plagioclase. An 
abundant molluscan fauna is present. 

At the base of the Difunta formation, about 500 feet of strata are 
transitional, lithologically, into the underlying Parras shales. This unit 
consists of gray and greenish-gray sandy shales, alternating, toward the 
base, with nodular to fissile dark-gray shales. No fossils were found, but, 
for the present, these transition beds will be considered as part of the 
Difunta formation. 


Origin—The sandstones and shales of the Difunta formation were 
deposited as sands, argillaceous muds, and calcareous muds in a shallow 
sea, which occupied the deepest portion of the Parras geosyncline and 
extended westward, from the Gulf of that time, as an elongate bay. The 
source of the sands and muds was toward the south or west, in newly 
elevated land masses, on which coarse-grained igneous rocks were prob- 
ably exposed. Between the igneous rocks and the sea were areas in 
which Lower Cretaceous limestones were undergoing erosion. Periodic 
elevation of the landmasses initiated cycles of erosion, which usually be- 
gan with the spreading of limestone gravels in thin lenses over the bot- 
tom of the sea. The angularity of the limestone pebbles indicates that 
the source was not distant. 


Correlation.—The fossils found in the Difunta formation show that 
it belongs in the Exogyra ponderosa zone and is equivalent to the Taylor 
mar! of Texas and the Pierre shale of the Western Interior. Some of the 
diagnostic fossils are Inoceramus oblongus Meek, I. pertenuis Meek and 
Hayden, Ostrea saltillensis Bése, Exogyra ponderosa Roemer, Exogyra 
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costata var. spinosa Stephenson (non Exogyra spinosa Matheron), Lima 
coahuilensis Biése, Liopistha (Cymella) bella (Conrad), Gyrodes spill- 
mani Gabb, and Placenticeras sp. 


“UATERNARY SYSTEM 
MAYRAN FORMATION 


Definition —The name Mayran formation is here applied particularly 
to the consolidated conglomerates and tufa deposits capping the mesas 
along the south side of the Parras Basin, from Parras eastward to Gen- 
eral Cepeda, and from the Sierra de Parras northward to the main high- 
way between Saltillo and Torreén. The formation should also include 
all conglomerate deposits in the Parras Basin, or in the surrounding 
mountains, that were formed at the same time and are due to the same 
cause as the conglomerates capping the mesas. The name, Mayran, is 
used, because the Laguna de Mayran lies immediately north of the con- 
glomerate-capped mesas and is enlarging at their expense. 


Stratigraphic and lithologic features; thickness—The Mayran for- 
mation ranges in thickness from about 200 feet near the mountains to 
100 feet at a distance of several miles. It consists of well-cemented con- 
glomerates, with minor amounts of interbedded tufaceous deposits. The 
pebbles of the conglomerates consist, almost exclusively, of Lower Cre- 
taceous limestones. The tufa deposits occur as beds and locally as thick 
masses. Their color varies from grayish-yellow to yellowish-brown. The 
texture may be banded, vesicular, spongy, granular, or massive. Some 
of the spongy masses bear countless molds of plant fragments. 


Correlation—The age of the Mayran formation is probably Pleisto- 
cene. This determination is based, in part, on the relation of the con- 
glomerates to the present topography and, in part, on Salvador Madero’s 
report that “elephant-like bones” have been found in tufa deposits about 
20 miles east of Parras. Although the Mayran formation may be the 
same age as the Reynosa conglomerates of eastern Mexico, there is no 
definite assurance that this is the case. It differs from the Reynosa con- 
glomerates in being more consolidated and containing tufa deposits. 


ALLUVIUM 


The western part of the Sierra de Parras is bounded, on the north, west, 
and south, by alluvial plains in which the component materials range 
from clay to gravel. One sinuous plain extends from the Laguna de 
Viesca eastward into the range, along the north side of Cerro Alto del 
Cardenchal. Alluvium also occurs in many places along the lower courses 
of the southward-draining arroyos. 
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GENERAL STRUCTURE OF THE SIERRA DE PARRAS 


The Sierra de Parras trends east-southeast across southern Coahuila. 
Its mountainous ridges are, in general, the topographic reflections of long 
sinuous lines of major folding, with many local highs and lows. All the 
folds observed are asymmetrical, commonly overturned toward the north, 
and in places overthrust. Locally, some of them are overturned toward 
the south, producing fan-shaped folds. Associated with the overthrusts 
are cross-faults, with horizontal displacements of probably less than 1000 
feet in most cases. 

The axes of folding in the western part of the Sierra de Parras are the 
eastern continuation of the folds that Kellum ** traced in the Sierra de 
Jimulco, to the southwest. Beginning at the west end of the Sierra de 
Parras, the axes of folding trend northeast for several miles and then 
change rather sharply to east-southeast. They continue in a general east- 
southeast direction as far as Carneros, about 20 miles south of Saltillo, 
and then curve southeast, along the southwest side of the great valley of 
La Hedionda.** 


MAJOR STRUCTURAL UNITS BORDERING THE SIERRA DE PARRAS 
REGION SOUTH OF THE SIERRA DE PARRAS 


A broad belt of major asymmetrical folding extends roughly east-west 
across southern Coahuila and northern Zacatecas.*> Bdse** has indi- 
cated, on maps, eastward-trending axes of folding at six localities south 
of the Sierra de Parras—i. e., at Concepcién del Oro, Sierra de Mazapil, 
Sierra de Santa Rosa, Sierra de Symon, Sierra de Ramirez, and near San 
Juan de Guadalupe. At most of these places, erosion has cut deeply into 
the anticlines, exposing a considerable thickness of Cretaceous and Upper 
Jurassic strata. 

Structurally, there is no line of demarcation between the folds of the 
western part of the Sierra de Parras and the folds in the mountains to 
the south. This condition probably holds true throughout the range. 
The separation is irregular and is entirely topographic. At some places 
the southernmost ridge of the Sierra de Parras is the deeply eroded or 
recumbent north limb of an anticline whose south limb appears in the 


38. B. Kellum: Reconnaissance studies in the Sierra de Jimulco, Mezico, Geol. Soc. Am., Bull., 
vol. 43 (1932) p. 554-564. 
54 Emil Bése: Vestiges of an ancient continent in northeast Merico, Am. Jour. Sci., 5th ser., 
vol. & (1923) p. 326-327, 329-330. 
%& Op. cit., p. 326. 
Carlos Burckhardt: Géologie de la Sierra de Mazapil et Santa Rosa (Merico), 10th Intern. 
Geol. Cong., Mexico, Guidebk. XXVI (1906) p. 1. 
56 Emil Bése: op. cit., p. 128. 
Emil Bése and O. A. Cavins: The Cretaceous and Tertiary of southern Texas and northern 
Mexico, Univ. Texas Bull., no. 2748 (1927) pl. 19. 


Ss’ 


VOL. 47 


BULL. GEOL. SOC. AM., 


SECTION ACROSS THE 
LOMAS DE SAN PABLO 


Rw IMLAY 


EUROPEAN 
EQUIVALENTS 


SIERRA DE PARRAS 
AND PARRAS BASIN 


MAESTRICHTIAN 


BREAK 


CAMPANIAN 


DNF UNTA FORMATION 


SANTONIAN 


SENONIAN 


CONIACIAN 


TURONIAN: 


INDIDURA FORMATION 


CENOMANIAN 


ALBIAN 


TA 
AURORA \IMESTONE 


APTIAN 


LA PERA FORMATION 


PARRITAS FORMATION 


BARREMIAN 


LAS VIGAS FORMATION 


MAUTERIVIAN 


TARAISES FORMATION 
— — — — + 


LOWER CRETACEOUS [UPPER CRETACEOUS 


UT] VALANGINNAN 
E 


BERRIASIAN 


TITHONIAN 


PORTLANDIAN 


RIOGIAN 


JURASSIC 


LA CASITA FORMATION 


OXFORDIAN 


LA GLORIA FORMATION 


SECTION ACROSS LOWER PART 
OF CUESTA DEL CURA 


VERTICAL SCALE 
00 
reer 


STRATIGRAPHIC SECTIONS 
WESTERN PART OF THE SIERRA DE PARRAS 


COAHUILA, MEXICO 


SECTION ALONG 
CANON TARAISES 


INDIDURA 
FORMATION 


SECTION ALONG 
CANON PLATANOS 


“Ma 
Ne 
rrr 
Sp, 
oot Ne 
- 
r 
= 
Formation 
= 
Tit 
——— 

PARRITAS 
= FORMATION 

= 
LAS VIGAS 
FORMATION 
TARAISES. 
FORMATION 


LA CASITA 
FORMATION 


LA GLORIA 


FORMATION 


STRATIGRAPHIC SECTIONS, WESTERN PART OF THE SIERRA DE PARRAS, 
COAHUILA, MEXICO 


IMLAY, PL. 7 
2333 
= = 
/ 
— | 
Limestone 
( 
UI 
q 


Nn 
t 
Mic 
3 


GEOLOGY OF WESTERN PART OF SIERRA DE PARRAS 1137 


next range to the south or is buried in part in the alluvial plain between 
the ranges. 
THE PARRAS SYNCLINAL BASIN 

The synclinal character of the Parras Basin was first pointed out by 
Bose *” in 1923. In a recent paper, the writer ** has emphasized the fact 
that this structural trough acted as a geosyncline during at least a part 
of the Upper Cretaceous. The stratigraphic evidence offered consists 
mainly of the presence of about 12,000 feet of sandstones, shaly sand- 
stones, and shales of shallow-water origin in the Parras Basin near El 
Pozo and Boquillas. These rocks are of Campanian age and have been 
termed the Difunta formation. To this accumulation can now be added 
at least 4500 feet of older Upper Cretaceous shales and limestones, which 
were measured on the north flank of the Sierra de Parras, in the Lomas 
de San Pablo. Below the Upper Cretaceous rocks, but near the west 
end of the range, are about 4800 feet of Lower Cretaceous limestones, 
sandstones, and shales. Below the Cretaceous rocks are 1200 feet of 
Upper Jurassic limestones, sandstones, and shales. Thus, the total thick- 
ness of strata exposed in the Parras Basin and in the Sierra de Parras is 
at least 22,500 feet. Most of these strata were formed in shallow or 
fairly shallow water. 

Bose °° has shown the presence of a landmass in northern and central 
Coahuila during Upper Jurassic and Neocomian time. This land doubt- 
less furnished most of the clastic material in the Upper Jurassic and 
Lower Cretaceous strata exposed in the Sierra de Parras. 

Comparison of the Lower Cretaceous rocks of the Sierra de Parras 
with those exposed in the mountains to the north and south shows that 
greater deposition occurred toward the north, in a belt near the edge of 
the pre-Aptian landmass. Near Mazapil, the thickness is about 3345 
feet (1020) meters) ;* near San Pedro del Gallo, it is about 3675 feet 
(1120 meters); * in the Sierra de San Marcos, southeast of Cuatro 
Ciénegas, about 7970 feet (2429 meters) ; * in the western part of the 
Sierra de Parras, about 4800 feet (1463 meters); and in the region south 
of Villa Juarez and Las Cuevas, Durango, the Neocomian alone is about 
4800 feet (1464 meters) thick, according to Kellum.** These figures in- 


87 Emil Bose: op. cit., p. 127-136, 196-214, 310-337. 
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®&QL. B. Kellum: Geology of the mountains west of the Laguna district, Geol. Soc. Am., Bull., 
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dicate that the Lower Cretaceous sediments formed near the landmass 
are much thicker than those sediments formed 40 miles, or more, away. 

In the region of the Parras Basin, and probably in the Sierra de 
Parras, the geosynclinal phase lasted through almost the entire Cretace- 
ous time, but in the mountainous region to the south, deposition seems 
to have ended with the Turonian, or shortly thereafter. This is indicated 
by several lines of evidence. First, the Campanian sandstones and shaly 
sandstones (Difunta formation) in the Parras Basin contain many thin 
beds of limestone conglomerate whose pebbles were derived by the ero- 
sion of Lower Cretaceous limestones. The materials composing the sand- 
stones do not indicate long transportation and could have come only from 
the south or west, as there is no other possible source within hundreds 
of miles. Therefore, it is logical to suppose that the limestone pebbles 
came from the same direction. But, if this is true, a certain amount of 
uplift took place at a moderate distance south of the Sierra de Parras 
during the Campanian epoch, and shortly before. Second, Upper Cretace- 
ous deposits younger than the Turonian have a limited development 
south of the Sierra de Parras. Near Opal, in the State of Zacatecas, 
Bose® found the Turonian, which is present in its normal facies, over- 
lain by sandstones and sandy shales, which may be younger than the 
Turonian. On the southeast side of the Sierra de Jimulco, Kellum 
found “. . . an outcrop of gray shale overlain by thin beds of yellowish- 
brown sandstone. The sandstone contains casts and fragments of Ino- 
ceramus, indicating that they are of Upper Cretaceous age.” 

The deepest part of the Parras synclinal basin lies fairly close to the 
Sierra de Parras, probably within 6 miles in most places. In El Pozo- 
Boquillas hills, north of the west end of the Sierra de Parras, the Difunta 
formation is at least 12,000 feet thick and is crumpled into a number of 
sinuous folds, which are strongly compressed toward the north. It was 
noted that the regional dip is strongly southward as far as El Pozo and 
that this great thickness of rocks should appear at the surface, between 
El Pozo and the exposures of Lower Cretaceous limestones in the moun- 
tains to the south, unless they have been cut out by an overthrust of 
the Sierra de Parras front. During the summer of 1934, it was proved 
that a thrust fault does exist along the west end of the Sierra de Parras 
but does not cut out the Difunta formation. The Difunta formation is 
exposed in the plain south of El Pozo but is covered with alluvium at 
most places. It is now clear that the existence of the plain is due to its 
nearness to a high mountain mass, which receives more rainfall than the 
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surrounding mountains. The outcrops of the Difunta formation near- 
est the mountains have undergone more stream erosion than have those 
farthest from the mountains. This differential erosion may have been 
favored by the fact that the beds nearest the mountains are, in general, 
inclined steeply northward or are much crumpled and faulted. If differ- 
ential erosion is thus favored, then the center of the Parras synclinal 
basin west of Parras lies toward the northern side of the plain, near El 
Pozo and Boquillas. 

Besides the synclinal structure of the Parras Basin, the surface strata 
exhibit a series of east-southeast-trending folds, which are minor com- 
pared with the folds in the surrounding mountains. Bése ® has studied 
these lines of folding in the region north and east of General Cepeda, 
toward Saltillo, and in the region between Parras and La Paila.** The 
writer has studied the folds in El Pozo-Boquillas region, about 20 miles 
west-northwest of Parras, and has examined the folds north of Parras. 
The structure seems to be similar throughout the Parras Basin. 

The folds in the Parras Basin differ from those in the Sierra de Parras, 
by being much smaller, more closely packed, and by the width of the 
anticlines and synclines being nearly equal. It is not possible to imagine 
them extending to any great depth. They are clearly marginal to the 
major folds in the Sierra de Parras and were probably formed during 
the last phase of folding. 


STRUCTURE OF THE WESTERN PART OF THE SIERRA DE PARRAS 
GENERAL FEATURES 


Seven lines of major folding mark the western part of the Sierra de 
Parras. Only four of these persist in the range southeast of Parras. The 
Taraises Anticline fades out, and the two southern anticlines disappear 
under an alluvial plain, to reappear again in another range to the south- 
east, called the Sierra Atajo. The northernmost of the remaining four 
folds becomes a major fold in the vicinity of Parras and extends east- 
ward for at least 20 miles. 

The folds are usually overturned toward the north, but locally some 
are overturned toward the south. Near the west end of the range the 
trend of the fold changes from west-northwest to southwest, and, con- 
comitantly, the folds are more strongly overturned toward the north. In 
the westernmost four miles the Taraises and Prieta anticlines are nearly 
recumbent, are overthrust to the northwest (PI. 2, fig. 1) at least half a 
mile at Puerto de La Pejia, and are broken by cross-faults. These over- 


6 Emil Boise: Vestiges of an ancient continent in northeast Mezico, Am. Jour. Sci., 5th ser., 
vol. 6 (1923) p. 332-333. 
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thrust masses over-ride the eastwardly plunging folds of the Sierra de La 
Pefia. 

The Prieta and Parras anticlines are crossed, south of Parras, by a 
north-south structural depression. Westward from the depression, these 
anticlines, as well as the Taraises Anticline, become larger rapidly within 
a few miles and then increase gradually in size to the western end of the 
range. Eastward from the depression, the anticlines increase gradually 
in size about as far as the eastern edge of the area mapped. The three 
anticlines along the southern margin of the range are large, strongly 
compressed toward the north, and the adjacent synclines are narrow. 
The anticlines and synclines directly south of Parras are about equally 
developed, but westward the anticlines become broader and closer packed, 
until they finally lie nearly recumbent, and the intervening synclines are 
tightly compressed. 

Most of the overturned anticlines have two distinct axes; one, at the 
highest point of the key bed, where the formation is generally gently 
arched; the other, well below the highest point, where the formation 
makes a rather sharp bend and becomes overturned (PI. 4, sections CC’ 
and DD’—Sierra de Parras fold). 


FOLDS 


Santiago Anticline—The Santiago Anticline is first seen about 5 miles 
west of Parras, in the low foothills of the Sierra de Parras (r.s.). Its 
axis trends southeast for 6 miles, to the south base of Cerro Colorado, 
about 114 miles south of Parras, then turns nearly due east for three- 
quarters of a mile, to the Arroyo Ojo de Agua, and then trends east- 
southeast for many miles. West of Arroyo Ojo de Agua the crest of 
the anticline is represented by a topographic depression and the flanks 
by rows of hills, rising from 400 to 800 feet above the central depres- 
sion. Member 2 of the Indidura formation crops out in the eroded 
crest, and Member 8 caps the hills on the flanks of the anticline. East 
of Arroyo Ojo de Agua the Santiago Anticline rises rapidly, and the 
hard Aurora limestone is exposed along its crest, forming the top of a low 
rounded anticlinal mountain. 

At the base of the Cuesta del Cura, the Santiago Anticline is strongly 
overturned toward the north, but, toward the east it becomes gradually 
less overturned, until, in Cerro Colorado, near Parras, and in the moun- 
tain to the east, the north flank dips about 50° N. The south flank dips 
from 20° to 55° S. W. and is about twice as long as the north flank. 

Several minor folds occur on the flanks of the Santiago Anticline, 
opposite a bend in its axis, in the region south of Parras. Two ripples 
on the north flank of the anticline exist directly south of Parras, on the 
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Cerrito Santo Madero, and in the hills to the east. Two other ripples 
occur on the south flank, about two miles southwest of Parras. 


Parras Anticline-—The westernmost indication of the Parras Anti- 
cline is a faint ripple on the east wall of Cafion Taraises at its head, 
about 11 miles west of Parras. This ripple is on the north flank of the 
Taraises Anticline and its presence explains the greater width of the 
exposures of Las Vigas formation north of the dwellings at Rancho 
Taraises, than south of them. From this point, the axis of the Parras 
Anticline trends almost due east for about 3 miles, then bends broadly 
to the east-southeast and continues in that direction, out of the region, 
passing slightly north of the highest peaks of the Sierra de Parras (r. s.) 
and the Sierra Mesquite. These mountains are the topographic ex- 
pressions of structural highs on the Parras Anticline, and the interven- 
ing topographic depression is a structural saddle. 

The Parras Anticline is overturned slightly toward the north, on the 
synclinal saddle, 3 miles south of Parras, but becomes increasingly more 
overturned westward, until the north flank dips about 45° S., at the 
west end of the anticline. The angle of greatest bending is rather sharp 
and is considerably north of, and below, the crest, which is broad and 
rounded. The dip of the south flank ranges from 30° to 45° S. W. 


Taraises Anticline—The Taraises Anticline is the northernmost fold 
of the Sierra de Parras west of Cafion Taraises. Its north flank is ex- 
pressed by the hogback ridge of the western part of the Sierra de Parras 
(r. s.), and its southern flank is expressed by the cuesta ridge of the Sierra 
de Taraises. Most of the large mountains and valleys that can be seen 
from Hacienda La Pefia have been formed by erosion of the crest of the 
Taraises Anticline. East of Cafion Taraises the fold is reflected by a 
rounded anticlinal mountain, about 5 miles long, which terminates 2 
miles southeast of Picacho de la Candelaria, but the fold continues east- 
ward, as a persistent ripple through the center of the broad syncline 
lying between the Parras Anticline, on the north, and the Prieta Anti- 
cline, on the south. 

Because the Taraises Anticline becomes larger westward, the trend of 
its axis will be traced in that direction. The small ripple-like eastern 
portion may be seen about a mile north of Picacho de La Silla. From 
this place, the axis trends N. 65° W. for 10 miles, to the east end of the 
Sierra de Taraises, then trends N. 70° W. for 5 miles, to Cafion Taraises, 
then N. 75° W. for 4 miles, across the head of Cafion Taraises and of 
Cafion Parritas, and finally bends rather sharply to S. 60° W. for 4 
miles, following the crest of a small unnamed mountain, lying in the cen- 
ter of the anticlinal valley between the Sierra de Parras (r. s.) and the 


{ 
4 


1142 EVOLUTION OF THE COAHUILA PENINSULA, MEXICO 


Sierra de Taraises. About 114 miles from the western end of the range 
the anticline is faulted about 1000 feet to the northwest, and the axial 
trend is locally deflected. At the extreme western end of the mountain 
the axis changes to 8S. 55° W., and this trend, projected across the plain, 
passes through the center of a small hill, 2 miles to the southwest. 

East of Cafion del Gato the Taraises Anticline is nearly symmetrical 
or is slightly overturned toward the south. West of the canyon the anti- 
cline gradually becomes overturned toward the north, and in Cajon 
Taraises the north flank dips about 45° SW. This inclination of the 
north flank is maintained as far as the western end of the range, where 
overturning becomes greater, and the axial plane is inclined about 30° S. 
As in the Parras Anticline, the angle of greatest bending is somewhat 
north of, and below, the actual crest of the anticline. 

The sharp change in the axial trend of the fold, from N. 75° W. to S. 
60° W., about 4 miles east of the western end of the range, marks the 
beginning of overthrusting toward the northwest. This overthrusting 
becomes progressively greater toward the west end of the range, the total 
movement probably amounting to half a mile. At least, at the north- 
west corner of the range the Parritas formation can be observed above 
the shales of the Indidura formation, which is stratigraphically more 
than 3000 feet higher. The actual break has not taken place exactly at 
the angle of greatest bending, but somewhat below it, and at a more 
gentle angle. 

The south flank of the Taraises Anticline dips from 30° to 60° S. 


Prieta Anticline—The Prieta Anticline is the largest, and most per- 
sistent, anticline in the western part of the Sierra de Parras; it is known 
to continue eastward many miles beyond the area mapped. It is repre- 
sented topographically by the Sierra Yeguales, Sierra Prieta, Sierra de 
Capulin, Cerro de Las Vacas, and Cerro Alto del Cardenchal. Westward 
from the Sierra Yeguales, the anticline becomes larger and more deeply 
eroded and finally disappears on the Laguna de Viesca, in a series of 
strike-ridges. 

From Picacho de La Silla, the axis trends N. 65° W. for 5 miles, along 
the crest of the rather narrow Sierra Yeguales, crosses a topographic and 
structural saddle, about 6 miles south of Parras, and then trends N. 70° 
W. for 5 miles, along the crest of the Sierra Prieta, a prominent, broad, 
topographic and structural high. During the next 8 miles the axis grad- 
ually turns toward the west, and at the mouth of Cafion Taraises is 
almost due west. West of Cafion Taraises the trend is S. 70° W. for 5 
miles, along the crest of a low anticlinal mountain, called Cerro de Las 
Vacas, changing to S. 55° W. at its extreme western end. 
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Figure 1. Heap or CANon TARAISES 
Looking eastward along crest of the Taraises Anticline. Jlg, La Gloria limestone and sandstone; 
Jlc, La Caista shale; Kt, Taraises fm.; Klv, Las Vigas fm.; Kpa, Parritas fm.; Klp, La Pefia fm. 


Ficure 2. OvERTURNED NORTH FLANK OF THE PARRAS ANTICLINE 
Contact of Indidura formation (left) and Cuesta del Cura limestone on Cuesta del Cura 
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Figure 1. Mayran-DIFUNTA CONTACT 
Mayr4n tufa and conglomerate, 150 feet thick, resting on folded Difunta shale and sandstone. On 
mesa, 5 miles northeast of Parras. 


Ficure 2. Parras-INDIDURA CONTACT 
Contact of Parras shale (left) and Indidura formation on the Lomas de San Pablo. 
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The Prieta Anticline is overturned toward the south, along the struc- 
tural high of the Sierra Yeguales. It is overturned slightly toward the 
north, along the structural high of the Sierra Prieta, but the south flank 
is steep and in places almost vertical. West of the Sierra Prieta the north 
flank of the anticline becomes more and more overturned and in places 
dips about 30° S. The synclinal valley lying between the Sierra de 
Capulin and the Sierra de Taraises is only about a quarter of a mile 
wide throughout most of its length; in the westernmost two miles of the 
range, the north flank of the Prieta Anticline lies recumbent on the 
south flank of the Taraises Anticline. 

West of Sierra Prieta, the south flank of the Prieta Anticline is broad 
and undulatory. Cerro Alto del Cardenchal has two minor undulations, 
which cause the great width of the hill. 


Juan Perez Anticline—The irregular southern edge of the Sierra de 
Parras, in the vicinity of Rancho Juan Perez, is formed by a mountain- 
ous ridge, which is the overturned and locally recumbent north flank of 
the Juan Perez Anticline. The axis of the anticline can be seen only 
south of the west end of the Sierra de Juan Perez, in a low ridge, about 
514 miles long, lying midway between the Sierra de Juan Perez and the 
Sierra del Capadero. Judged from the trend of the Sierra de Juan Perez, 
the axis must trend west-northwest as far as the westernmost exposures 
of the anticline, where it is deflected to the southwest. 


Capadero Anticline——The axis of the Capadero Anticline lies about 
three-quarters of a mile south of the axis of the Juan Perez Anticline 
and trends parallel] with it—that is, west-northwest. Near the western end 
of the Sierra del Capadero, however, it is deflected toward the southwest. 

Erosion has cut deeply into the crest of the anticline, reducing it to low 
mountains, about 5 miles long, which are being encroached on, from the 
west, by the alluvial plain of the Laguna de Viesca and, from the east, by 
the Barreal de Menchaca. 


Atajo Anticline—The southern mountainous ridge of the Sierra del 
Capadero is the overturned north flank of an anticline whose crest ap- 
pears to the southeast, in the Sierra Atajo (on Abbott’s map called Sierra 
San Francisco), which borders the Barreal de Menchaca on the south. 
The strata of the overturned north flank are dipping about 35° S. at the 
base of the Sierra del Capadero and about 50° S. in the highest peaks. 

FAULTS 

Thrust-faults, cross-faults, and bedding-faults occur in the west end 
and the south side of the Sierra de Parras. 

Thrust-faults were definitely located at only three places, although 
they probably exist elsewhere. The thrust-fault along the northwest end 
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of the range has already been described, under the description of the 
Taraises Anticline. A steep-angle thrust-fault exists near the crest of 
the Prieta Anticline, along the north side of the Cerro de Las Vacas. 
Another steep-angle thrust-fault is near Rancho Juan Perez, in the syn- 
clinal valley lying between the prieta and the Juan Perez anticlines. 
Along the westernmost ten miles of the north base of the Sierra de Par- 
ras, the Indidura formation has been intensely folded and thrust-faulted. 
Several nearly horizontal faults can be observed along the banks of the 
arroyo that drains north from Cafion Parritas. Thrust-faulting has 
probably occurred at the northwest end of the Sierra de Juan Perez and 
in the western part of the narrow synclinal valley lying between the 
Sierra de Capulin and the Sierra de Taraises. 

Several cross-faults were recognized. About 114 miles east of the west- 
ern end of the Sierra de Parras, near Hacienda La Peiia, a deep cross- 
canyon, tributary to Cafion Colorin, cuts the crest of the Taraises Anti- 
cline, at right angles. The crest of the anticline on the west wall of the 
canyon has been offset northward, about 1000 feet with respect to the 
crest on the east wall of the canyon. However, near the canyon, the beds 
to the east bend decidedly northward, and the beds to the west are de- 
flected southward. The fault must be nearly vertical. 

A similar cross-fault exists in the Sierra de Juan Perez, south of 
Rancho Carmen. The amount of displacement is not more than 500 
feet. Many of the cross-canyons in the Sierra de Parras, especially 
Cafion Platanos, Cafion Juan Perez, Cafion Taraises, Cafion Parritas, 
and the lower Cafion de Las Vacas, follow fracture zones, which cross 
the anticlines almost at right angles, but no conspicuous off-setting of 
beds was observed on the opposite walls of the canyons. The upper 
Cafion de Las Vacas, across the Sierra de Capulin, probably follows a 
cross-fault. 

Bedding-faults are common in the soft limestones and shales of the 
Indidura formation, in the synclinal valleys of the Sierra de Parras, and 
on the crests and the overturned north flanks of the Prieta and the 
Taraises anticlines, west of Cafion Taraises. Along the north wall of 
Cafion Colorin the limestones of the Parritas formation exhibit many 
signs of faulting between the beds, such as slickensided surfaces, crum- 
pling of individual beds into small folds, and the development of schistos- 
ity in the calcareous shales interbedded with the limestones. Along the 
lower part of Cafion Parritas, faulting has been observed in the thick- 
bedded limestones of La Pefia formation. At one place on the west wall 
of the canyon, several limestone beds, totaling about 12 feet in thick- 
ness, pinch out completely. 
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GEOLOGIC HISTORY 
JURASSIC AND CRETACEOUS SEDIMENTATION 


During Upper Jurassic and Lower Cretaceous time, the southern mar- 
gin of a landmass in northern Mexico ® registered the northern limit 
of a rather broad geosyncline, which apparently coincided with the for- 
mer extent of the strata now involved in the belt of asymmetrical major 
folding that extends eastward across southern Coahuila and northern 
Zacatecas. Comparison of the thicknesses of strata at various localities 
shows that the part of the continental shelf bordering the landmass re- 
ceived much thicker deposits than was accumulated a short distance 
farther away. Near the continent, 6000 feet, or more, of conglomerate, 
arkose, sandstone, shale, and limestone accumulated. 

During the Upper Jurassic, at least 1200 feet of limestone, sandstone, 
conglomerate, and shale accumulated in shallow water that covered the 
site of the western part of the Sierra de Parras. Deposition of bivalve- 
bearing lime muds was succeeded, in late Oxfordian time, by sands and 
gravels derived from a nearby landmass to the north. This landmass 
was undergoing vigorous erosion, accompanied by seaward extension, 
either through uplift or sedimentation, or both. During Kimmeridgian 
time, it was probably reduced to moderately low relief. The accumula- 
tion of sediments near the shore, perhaps aided by a slight uplift, pro- 
duced lagoonal conditions landward, under which carbonaceous muds 
and peat accumulated to a thickness of about 180 feet. These lagoons 
were probably partly connected with the sea at times. At the end of the 
Kimmeridgian or in early Portlandian, sedimentation ceased and did not 
begin again until early Cretaceous (Valanginian) time. The region of 
the Sierra de Parras was probably land during this interval. 

During the Valanginian, the sea transgressed rapidly across the low 
coast. The first effect of this was to sweep out to sea some of the sandy 
sediments, but this was followed by deposition of calcareous muds, 
which accumulated to a thickness of nearly 500 feet. A similar facies 
was formed in the regions to the east, south, and southwest, but to the 
northeast, in the Sierra de San Marcos, and to the west, in the Sierra de 
Mapimi, a sandy near-shore facies was formed, indicating the position of 
the strand line. 

During the upper Neocomian, a sheet of sand, nearly 1000 feet thick, 
was laid down over the region of the western part of the Sierra de Par- 
ras, as a result of renewed uplift in the landmass to the north. The for- 
mation of several beds of limestone in the upper part of the sands sug- 
gests that the sea was oscillating across the coast and that the lands were 
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becoming lower. Perhaps the scarcity of shales indicates an arid climate 
on the land. 

During the late Neocomian or lower Aptian the deposition of sands 
ceased and was succeeded by lime muds, which subsequently consolidated 
to about 1120 feet of yellowish limestones. These are probably near- 
shore deposits and may indicate that the landmass to the north was low, 
or perhaps partly submerged. 

In the Aptian, a great thickness of lime muds accumulated in shallow 
water, but at a considerable distance from the shore. At the end of the 
Aptian, shoaling of the seas, over much of north-central Mexico, pro- 
vided favorable environment for numerous mollusks. 

Reef-building conditions existed during the lower Albian, as shown by 
the presence of rudistids. Toward the end of the Albian, however, the 
ocean bottom became much deeper and remained fairly deep until the 
Cenomanian. During this time, calcareous oozes, silica, and fine par- 
ticles of organic matter slowly accumulated. At the end of the Albian or 
in the Cenomanian the seas became much shallower, and a few feet of 
thick-bedded limestone were formed. 

Early in the Upper Cretaceous, a landmass began rising in western 
and central Mexico ® and gradually crowded the seas northward. This 
movement was slow during the Cenomanian, Turonian, and Coniacian, 
but gained momentum during the Campanian, when enormous quantities 
of sand and mud were swept northward and deposited in a much nar- 
rower, but more rapidly subsiding, trough than existea during the Lower 
Cretaceous. In the region of the Parras Basin, where the seas seemed 
to have lingered longest, about 17,000 feet. of sediments accumulated. 

During the Cenomanian, Turonian, and at least part of the Coniacian, 
over 2000 feet of fine clastic and calcareous sediments were deposited in 
a moderately shallow sea whose bottom was evidently not favorable for 
life. Deposition began in some places with dark-colored calcareous 
oozes; in other places, calcareous silts were first deposited and were 
then succeeded shortly by black calcareous oozes and black clay muds, 
which alternated in relative abundance. 

In upper Coniacian or lower Santonian, there was a sudden influx of 
large quantities of caleareous organic clay muds, which accumulated to 
a thickness of at least 2300 feet. These muds were probably laid down 
in shallow seas whose bottom was unfavorable for life. Their source 
must have been toward the south or west. 

Eventually, the deposition of black muds was succeeded by sandy 
sediments. During Campanian time, over 12,000 feet of clastic sedi- 
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ments accumulated in the Parras geosyncline, beneath a shallow marine 
body, which extended westward about 100 miles from the Gulf of that 
time. The sandy sediments were derived from igneous rocks to the west 
or south. The mountain-building forces that initiated erosion of these 
igneous rocks likewise crumpled and elevated to considerable heights the 
limestone formations that had been deposited in the southern part of 
the geosyncline during the Lower Cretaceous. Erosion of these lime- 
stones, following periodic re-elevations, produced limestone gravels, 
which were deposited as thin sheets at frequent intervals during the 
deposition of the sandy beds. These beds of gravels, now consolidated 
to conglomerates, mark the beginnings of cycles of sedimentation. With 
continued orogenic activity in the southwest and south, the zone of 
deformation progressed northward, the geosyncline became narrower, 
and, finally, vertical uplift drained it. 

Final compressive stresses, in the late Cretaceous or the Tertiary, 
crumpled the sediments deposited in the Parras geosyncline into east- 
west trending folds, -vhich undoubtedly followed the lines of folding 
produced earlier during the development of the geosyncline. The folds 
of the Sierra de Parras were formed at this time and, during the final 
stages of orogeny, were thrust northward over the deepest part of the 
sunken trough of Cretaceous sediments. 

It seems probable that at the time of folding of the Sierra de Parras 
the region was blanketed by a great thickness of Upper Cretaceous sedi- 
ments. This is indicated by nearly 1800 feet of the Indidura formation 
in the synclines of the Sierra de Parras and by the thickness and lithology 
of the formations outcropping along the north flank of the range. The 
erosion of these formations and the sculpturing of the present surface 
will be discussed under physiographic history. 


PHYSIOGRAPHIC HISTORY 


The topographic features in the western part of the Sierra de Parras 
have been described and partially interpreted. The following interpre- 
tation will serve to bring together the various deductions that have been 
drawn from consideration of each topographic feature. 

Several canyons, notably Cafion Santiago, Cafion del Gato, and the 
canyon crossing the northeastern end of Cerro Alto del Cardenchal, 
strongly suggest superposition from a former land surface that must 
have been at least a thousand feet above the present floor of the canyons. 
The valleys at that time were probably under structural control, as at 
present, only much less so. The streams drained away from ridges that 
lay adjacent to anticlinal highs where hard Lower Cretaceous limestones 
outcropped. The floor of the valleys was directly underlain by the rela- 
tively easily weathered shales and limestones of the Indidura formation 
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and the Parras shales, but these soft formations probably had little 
control over the lower courses of the streams. However, some of the 
valleys undoubtedly followed zones of fracturing and faulting. Prob- 
ably, the old land surface at that time was approaching a condition of 
temporary base-level. 

The next stage was one of erosion, which brought the land surface 
down to about 300 or 350 feet above its present level. During this time 
the higher valleys became entrenched as steep-walled canyons. The fact 
that these canyons are wider and have less steep walls in their upper 
portions than in their lower portions indicates either that the rate of 
downward erosion, compared with lateral erosion, was progressively 
accelerated during this stage or that the climate became progressively 
drier. Finally, the lower valleys likewise became intrenched across the 
anticlinal ridges, forming narrow gorges. The fact that these gorges do 
not show an appreciable widening either headward or upward, as do the 
canyons in the higher mountains, may indicate that they were formed 
during the latter part of the erosion stage. At the end of that stage the 
plains country north and south of the range had a gentle surface, which 
apparently sloped toward the central regions of the present basins. It is 
thought that this erosion stage was induced by uplift of the Mexican 
Highlands and that the type of erosion was gradually modified by a 
progressive climatic change from humidity to aridity. The broader 
valleys gradually came more and more under structural control, as the 
erosion of the Indidura formation and the Parras shales exposed large 
areas of the resistant Lower Cretaceous limestones along the crests of 
the anticlines. The development of a low plain, now the site of the 
Laguna de Viesca, and the valley at Puerto de La Pefia were probably 
nearly completed at this time. 

The stage of erosion thus outlined was brought to an end by the re- 
turn of a humid climate. The lower canyons emptying on the plains were 
filled with coarse gravels to depths of about 200 feet. Gravels were 
deposited all along the base of the range and were spread out on the 
plains by streams, so as to form a sheet of gravel, which ranges in 
thickness from 200 feet, near the mountains, to 100 feet, at a distance 
of several miles. Northeast of Parras, along the highway, which is about 
15 miles north of the Sierra de Parras, many of the hills are capped 
with consolidated conglomerates, brought down from the mountains at 
this time. The extent and the thickness of these conglomerates points 
to the presence of large streams, rushing down the mountain sides and 
sweeping away all available loose debris. 

The amount of precipitation must have varied considerably, because 
the formation of gravels was frequently interrupted by the deposition 
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of tufa. Some of the tufa beds are banded or vesicular and probably 
represent local spring deposits, but other beds contain numerous molds 
and calcified replacements of coarse grass or stems of plants, which 
probably grew in a swampy or marshy plain or around the borders of 
a lake. Another bit of evidence that possibly indicates aridity is the 
present consolidated condition of the gravels. At some time during, or 
shortly after, their deposition, they were firmly cemented with calcium 
carbonate. As tufa deposits are interbedded with conglomerates, it 
seems reasonable to suppose that much of the cementing material was 
deposited during the formation of the conglomerates. 

Part of the widening of the upper portions of some of the canyons in 
the high mountains must have taken place during this stage, but stream 
erosion due to an abundance of water cannot explain the greater width 
of the canyons in their upper than in their lower portions. Cirque 
erosion might be invoked in explanation, but that seems highly improb- 
able, because no other feature indicates glacial erosion. 

The last stage has been one of rapid erosion of the plains bordering 
the mountains and of the base of the mountains. This has been accom- 
panied by increasing aridity, extending down to the present time. The 
plains surrounding the mountains have been cut down at such a rapid 
rate that some of the canyons have been left hanging on the mountain 
sides; others are only narrow gorges, cut, into their former floors or into 
the conglomerates deposited in their lower courses during the previous 
stage. Probably this type of erosion is dependent on aridity rather than 
on elevation. At present, the drainage in the Bolson de Mapimi is 
internal. The former intermontane valleys are being filled with sedi- 
ments washed in by sheet floods and distributed by the winds, giving 
rise to shallow basins, known as lagunas. These basins are expanding 
at the expense of the former uplands, giving rise to mesa, cuesta, and 
hogback topography. This expansion is well shown along the south- 
eastern margin of the Laguna de Mayran, where the conglomerate- 
capped mesas are being worn away and are retreating southward. The 
conglomerates capping the mesas have been preserved because the moun- 
tains to the south are low and consequently receive little precipitation. 
Wherever the mountains are high, however, erosion of the surrounding 
plains has gone on at a more rapid rate, because the higher mountains 
induced the precipitation of larger quantities of moisture. Such has 
evidently been the case along the northern base of the Sierra de 
Parras (r. s.). 

During the latest stage of erosion, the former upland plains bordering 
the mountains have been lowered about 400 feet. There is some evi- 
dence that this has not been continuous. At Parras, springs gushed 


1150 EVOLUTION OF THE COAHUILA PENINSULA, MEXICO 


forth until the recent tunneling of the low mountain south of the city. 
In the vicinity of Parras, tufa deposits are found at four different levels. 
The highest is about 400 feet above the railroad station and forms a 
40-foot capping on the Cerrito Santo Madero, on which is located the 
chapel Santo Madero. This tufa is vesicular, in places shows mam- 
milary and stalactitic forms, and includes small fragments of the under- 
lying shale and limestone, standing in all positions. About 300 yards 
north, and 150 feet lower, is a terrace-like mass of tufa of similar ap- 
pearance. One hundred and fifty feet still lower is another deposit, which 
is well exposed within the enclosure or yard of the textile mill. This 
deposit contains many external molds and calcified fragments of plant 
stems. Cerro Muerto, a small hill at the eastern outskirts of Parras, is 
a mass of calcium carbonate, consisting of small, much-crinkled bands. 
This deposit is slightly lower than the deposit in the factory yard. Again, 
in the bottom of some of the arroyos near Cerro Muerto are incrustations 
of calcium carbonate. These deposits of tufa at various levels may 
indicate that the increasing aridity of the latest stage of erosion has 
been interrupted frequently by short, more humid, periods. 
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INTRODUCTION 


This paper discusses the geology of an area of about 150 square 
miles, extending north and northeast from the town of Mapimi, in north- 
eastern Durango, Mexico. The location is shown by Figure 1. The 
area contains an abundance of both intrusive and extrusive igneous rocks 
and affords an opportunity to correlate part of the igneous geology of 
north-central Mexico with the stratigraphic and structural problems 
which have been studied in adjacent areas by Lewis B. Kellum and 
his associates. In its broader structural relations, the Mapimi district 
is approximately 25 miles southwest of the Jurassic landmass, first 
described by Bose,’ which lies within the “belt of intensive deformation 
which extends . . . from eastern Durango . . . to central Nuevo Leon,” 
outlined by Kellum, Imlay, and Kane.” 

The areal geology is shown on Plate 5, a reconnaissance map, made 
by a combination of plane-table, car, and pace traverses during two 
months of 1934. Virtually no previous work has been done in this area. 
Aguilera * mentions the volcanic rocks, 214 miles northwest of Mapimi, 
and classifies them as “augite bearing andesite with amphibole (flow 
structure with cryptocrystalline base)” and “hyalopilitic andesite bearing 
altered pyroxene and mica.” He also mentions “rhyolite” at Cerro de 
la Mojonera, near Mapimi. The Ojuela mining district, 4 miles south- 
east of Mapimi, has been described by a number of writers, the latest 
ones being Prescott * and Hayword and Triplett.® Still more recently, 
Kellum * has mapped the geology of the central part of the Sierra de 
Mapimi. Kellum, Prescott, and other writers report dikes and irregular- 
shaped igneous bodies, including two laccoliths or stocks, intruded into 
the sedimentary rocks of the Sierra de Mapimi. 

The major topographic features of northeastern Durango are the 
northwestward-trending mountain ranges (Pl. 1, fig. 1), composed of 
Lower Cretaceous limestone, and the broad alluvial valleys. The total 
relief commonly amounts to several thousand feet. Within the valleys 
are hills, or mountains, smaller and lower than the main ranges. 


1Emile Bose: Vestiges of an ancient continent in northeast Merxico, Am. Jour Sci., ser. 5, vol. 6 
(1923) p. 127-136, 196-214, 310-337. 

2L. B. Kellum, R. W. Imlay, and W. G. Kane: Relation of structure, stratigraphy, and igneous 
activity to an early continental margin, Geol. Soc. Am., Bull., vol. 47 (1936) p. 969-1008. 

3 J. G. Aguilera: Rocas mezicanas clasificadas al microscopio en el Instituto Geoldégico de Mézico, 
Inst. Geol. México, Parergones, tomo V, nim. 9 (1914) p. 376. 

4 Basil Prescott: The underlying principles of the limestone replacement deposits of the Mexican 
province, Eng. Min. Jour., vol. 122 (1926) p. 289-293. 

5M. W. Hayword and W. H. Triplett: Occurrence of lead-zinc ores in dolomitic limest of 
northern Mezico, Am. Inst. Min. Eng., Tech. Pub. no. 442 (1931) p. 17-27. 

6 Lewis B. Kellum: Geology of the mountains west of the Laguna district, Geol. Soc. Am., Bull., 
vol. 47 (1936) p. 1039-1089. 
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The area included in Plate 5 is part of a large valley province north 
of the Sierra de Mapimi. The most prominent hills are the fairly rugged 
ones extending from the Parselos to northwest of Cerro Prieto, the highest 
peak in the district. Elevations are given at several places in this range. 
Only one road crosses the range, in a saddle between Cerro Prieto and 
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Ficure 1—Indezx map of part of Mexico 
Showing location of Mapimi. 


the Cerros de Towaso. A group of hogbacks north of La Marita form 
another conspicuous topographic feature, and Cerro Colorado, a small 
but precipitous peak, rises above some low hills near Rancho Colorado. 
Decidedly lower are the hills west of Los Milagros. In addition, low 
knolls and ridges occur at other places, where the map indicates bedrock 
projecting through the alluvium. The elevations given in Plate 5 show 
a total relief of slightly less than 2000 feet. There are no permanent 
streams, but the larger arroyos have been sketched. 

Mapimi (PI. 1, fig. 2) is at the western terminus of a railroad branch 
from Bermejillo, which is on the main line of the Ferrocarril Central 
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Mexicano. However, there has been no regular service on the Mapimi- 
Bermejillo branch for a number of years. These two towns are also 
connected by a graded dirt road. Ungraded roads extend in several direc- 
tions from Mapimi, one of them connecting with roads to Torreon. 

The climate is mild and arid. During the winter the temperature 
seldom falls below freezing; the summers are hot. The vegetation con- 
sists mainly of small and prickly types characteristic of arid regions. 

The writer is greatly indebted to Dr. Lewis B. Kellum, of the Uni- 
versity of Michigan, for many helpful suggestions in the field and during 
preparation of the report, and to Mr. A. J. Halbert and other officials 
of the Cia. Minera de Pefioles, 8. A., for many favors that facilitated 
the work. Thanks also are due to Mr. Charles M. Reed and to the 
Museum of Natural History of the University of Rochester for aid in 
drafting the maps, and to the University of Michigan for the thin sec- 
tions. Field expenses were paid from a grant made by the Geological 
Society of America. 


SEDIMENTARY ROCKS 
CRETACEOUS FORMATIONS 


Aurora limestone—The name Aurora limestone was applied by Bur- 
rows,’ in 1910, to the series of limestones that constitute most of the 
mountain ranges of north-central Mexico. The formation is Lower and 
Middle Albian (Lower Cretaceous) in age, and Kellum has correlated 
it with most of the Fredericksburg group of Texas. At places it is 
1500 feet thick, but only the upper part is exposed in the area covered 
by this report. 

The Aurora limestone consists of bluish-gray, nearly pure limestone, 
interbedded with minor amounts of calcitic dolomite. Distinct, but 
uneven, bedding planes are 6 inches to 3 feet apart. The prevailingly 
dense texture causes subconchoidal fracture. Some strata contain fossils, 
mainly fragmental casts, and locally, but rarely, black chert nodules 
are abundant. The rock weathers to pitted, rounded blocks, ranging 
from 2 few inches to several feet in diameter. At a few places close to 
the fault shown in the east-central part of Plate 5, the limestone is 
completely silicified. 

The Aurora limestone forms a group of low hills in the east-central 
part of the district. It also crops out in the south-central part, in a 
small area that is the northern tip of a spur from the Sierra de Mapimi. 
It is not exposed elsewhere in the district but is the prevailing rock in 
the Sierra de Mapimi (PI. 1, fig. 1) to the south. 


7R. H. Burrows: Geology of northern Mezico, Soc. Geol. Mex., Bol., tomo VII, Iera parte (1910) 
p. 85-103. 
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Ficure 1. Bura pE MapPIMI 
Northwestern part of the Sierra de Mapim{, which is composed mainly of Aurora limestone, rising 
to more than 3000 feet above the alluvial valley in the foreground. 


FicurE 2. Town or Mapimi 
Northern tip of the Sierra de Mapimi (left), a broad alluvial valley (background), and the Sierra de 
Rosario (in the distance). 
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Ficure 1. THINLY LAMINATED INDIDURA BEDS 
East side of the Cerros de Towaso 


Figure 2. METAMORPHOSED LIMESTONE 
Showing original bedding, made conspicuous by weathering, in Cerros de Towaso, north of Mapim{- 
Bermejillo road. 


BEDDING IN CERROS DE TOWASO 
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Indidura formation—The name Indidura formation was first used by 
Kelly,® in 1935. Its rocks are upper Albian, Cenomanian, Turonian, 
and Coniacian in age. Their Texas equivalents are upper Fredericks- 
burg and Washita (Lower Cretaceous) and Woodbine, Eagle Ford, and 
Austin (Upper Cretaceous). The Indidura is widespread in scattered 
areas of the mountain province, from western Nuevo Leon to eastern 
Durango. The total thickness is several thousand feet, but the upper 
part has been eroded near Mapimi, and the thickness of the remainder 
cannot be determined because of the complex structure. Nowhere can 
a continuous section of more than a few feet be measured. 

Where not metamorphosed the Indidura formation consists of shaly 
limestone, limy shale, limestone, and shale. The shaly beds are dark 
gray, bluish-gray, light gray, yellow, or, rarely, purplish-red. Some 
weather fissile, others to nodular fragments. The limy beds, which be- 
cause of their relative hardness are more conspicuous than shaly beds 
in most outcrops, range from nearly black to light gray on a fresh 
surface, but weather buff. They are dense to medium-grained. Although 
individual strata range from a thin film to 50 feet in thickness, most 
are several inches thick, the formation as a whole being decidedly thin- 
bedded and flaggy. The bedding is well defined and in most places thinly 
laminated (Pl. 2, fig. 1). Predominantly shaly material, in zones 
several hundred feet thick, alternates with that predominantly limy, 
yet both types of material are present to some extent in all sections. 

Throughout much of the Mapimi district, the Indidura rocks have 
suffered low grade, but fairly high temperature, metamorphism. The 
shales are indurated and highly jointed, but show no evidence of incipient 
slaty cleavage. The limy beds, likewise, have become extremely hard, 
so that at some places they ring, almost like cast iron when struck with 
a hammer, and cannot be scratched by a knife. The metamorphism of 
the limestones was accomplished by granulation of the calcite and devel- 
opment of lime-silicate minerals, mainly clinozoisite accompanied by 
subordinate tremolite, and perhaps others. The lime-silicates com- 
monly are abundant in narrow bands that formerly were films of shaly 
material. Where metamorphism was greatest, the impure limestones 
are recrystallized to exceedingly fine-grained orthoclase, clinozoisite, and 
perhaps other lime-silicates, and calcite, which enclose detrital quartz 
and feldspar. In many places the bedding has been obscured by meta- 
morphism but reappears through weathering (PI. 2, fig. 2). Bright green 
epidote, in specks or films along fractures, indicates that it was deposited 
later than the lime-silicate minerals that permeate the rock. 


8W. A. Kelly: Geology of the mountains bordering the valleys of Acatita and Las Delicias, 
Geol. Soc. Am., Bull., vol. 47 (1936) p. 1028-1029. 
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The Indidura formation is metamorphosed only where dikes are 
abundant, so there must be a genetic relation between intrusion and 
metamorphism. Nevertheless, the metamorphism does not diminish 
noticeably away from individual dikes. It evidently is due to solutions 
that emanated from the magma reservoir during, or subsequent to, intru- 
sion of the dikes or to heat derived chiefly from the underlying reservoir. 
The thermal phenomena are superimposed on the granulation, which 
doubtless is due to intense folding. 

The main belt of Indidura formation, as shown on Plate 5, extends 
from each side of the Puerto de Vinagrillos, in a broad arc, to northwest 
of Cerro Prieto. The rocks in this entire belt are somewhat metamor- 
phosed, and so form a fairly rugged range of hills (PI. 3, fig. 1). Smaller 
outcrops, on each side of the main belt, are unmetamorphosed and, 
therefore, form only low hills. 

Fragments of Inoceramus, which were found at many scattered locali- 
ties, are the only fossils collected in the Mapimi district except for some 
small specimens of Turritella quadrilira Johnson(?) (17297)—identified 
by Kellum—found 0.2 mile southeast of the Rey del Cobre mine. 

The contact of the Indidura formation with the underlying Aurora 
limestone is not exposed near Mapimi, but from regional studies it is 
known that the two formations are concordant. 


CONSOLIDATED GRAVEL AND CALICHE 


Two terraces of consolidated gravel and caliche, shown on Plate 5, 
were mapped because of their importance in the interpretation of the 
geologic history. One extends about 4 miles northward from Mapimi. 
The southern half consists of nearly pure caliche, containing few cobbles; 
the northern half is a gravel composed of rounded cobbles, cemented 
by caliche. The cobbles are almost entirely of Aurora limestone, in 
spite of the fact that the gravel rests on basalt and the caliche on 
Indidura beds. The rapid northward increase in abundance of cobbles 
and the general absence of fragments of the underlying rocks suggest 
that the gravel represents a former stream channel or alluvial fan. The 
caliche-gravel dips gently westward from a low escarpment along its 
eastern margin. By projecting this dip eastward, the amount of erosion 
since the caliche-gravel formed may be calculated as at least 350 feet 
at some places that now are covered by recent alluvium. As the area 
is one of rather low relief, it is obvious that a considerable period of 
time was necessary for the erosion and the subsequent alluvial deposi- 
tion. Hence, it may be inferred that the caliche-gravel north of Mapimi 
is early Pleistocene or older. 

Another terrace underlain by consolidated gravel, but covered by a 
veneer of loose gravel, is in the northwestern part of the district. The 
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gravel weathers bluish or, rarely, brownish-gray. Prevailingly, it is 
composed of rounded cobbles and pebbles, seldom exceeding 6 inches 
in diameter, of Aurora limestone, accompanied by insignificant amounts 
of quartz monzonite porphyry, and it has a clayey lime cement. Locally, 
however, pebbles and cement are siliceous. The unconsolidated veneer 
doubtless resulted from the weathering of the cement. The gravel uncon- 
formably overlies the andesitic rocks to the north but, like the caliche- 
gravel near Mapimi, has been dissected by erosion that preceded deposi- 
tion of recent alluvium. 

Other terraces that may be underlain by consolidated gravel are not 
shown on Plate 5, because the time required to map them would not have 
been justified by the information obtained. 


TERTIARY INTRUSIVE ROCKS 
PETROGRAPHY 


Preliminary statement——Numerous igneous intrusions, in the form of 
dikes, sill-like bodies, and at least one plug, cut the Cretaceous sedi- 
mentary rocks in all the larger outcrops Their abundance, however, 
and their small size preclude reconnaissance mapping of individual 
orcurrences. Hence, except for the plug, the occurrences shown on Plate 
5 are merely diagrammatic, indicating some of the more persistent zones 
of several closely spaced, but not necessarily continuous, dikes. Never- 
theless, the intrusive rocks must be discussed in some detail in order 
to present adequately the geologic history. A great diversity of litho- 
logic types are found, but there are gradations between most of them. 
For descriptive purposes, they are classified into three groups. 


Diorite porphyry.—The name diorite porphyry is here applied to the 
more ferromagnesian intrusive rocks of the district, but, as the compo- 
sition of the original plagioclase is unknown, the group may include 
some diabase. The rocks weather dark gray or dark brown, but where 
unweathered, they are medium to fairly dark greenish-gray. The apha- 
nitic groundmass encloses small- and medium-sized phenocrysts of horn- 
blende or plagioclase, or both, and in many specimens, calcite granules 
or aggregates, as well. 

Seen under the microscope, the phenocrysts are plagioclase, hornblende, 
and augite. Plagioclase or hornblende may predominate, augite may 
be absent or as abundant as hornblende, and hornblende may even be 
absent. The hornblende is a greenish-brown variety, with neither the 
typical color nor the extinction angle of basaltic hornblende. One thin 
section contained a single grain of embayed quartz. 

The most abundant constituent of the groundmass is plagioclase, in 
subhedral laths and anhedral grains. The original ferromagnesian min- 
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erals, which are interstitial to, but nearly as abundant as, plagioclase, in 
some specimens have been completely altered to chlorite and, locally, 
small amounts of epidote. In other specimens, however, the chlorite is 
accompanied by residual brownish-green hornblende and brown biotite. 
In addition, minor amounts of quartz, and perhaps orthoclase, are inter- 
stitial to plagioclase in some specimens. The groundmass may, or may 
not, be separated from the phenocrysts by a distinct break in grain size. 

The plagioclase of both the groundmass and the phenocrysts is sodic 
albite. It must be the result of widespread and intense albitization, for 
the orthomagmatic plagioclase, to be expected in view of the character 
and abundance of the ferromagnesian minerals and the absence of 
appreciable amounts of quartz and orthoclase, is andesine or labradorite. 
The albite in some specimens is impregnated with much sericite. 

Minute apatite needles are profuse, and small grains of titaniferous 
magnetite are abundant as accessory minerals. Titanite, which also is 
abundant, is probably secondary. In addition, there are minor amounts 
of zircon and pyrite. 

In summary, the group includes a number of slightly different rock 
types, in which fairly numerous phenocrysts are enclosed in a ground- 
mass whose fabric approaches ophitic. The chief orthomagmatic min- 
erals were plagioclase and hornblende, which in some specimens were 
accompanied by augite, biotite, quartz, and perhaps orthoclase. End- 
phase, late magmatic or hydrothermal, reactions developed albite, chlor- 
ite, titanite, and, locally, epidote, sericite, and pyrite. Even the biotite 
may be post-orthomagmatic. In addition, considerable quantities of 
calcite and small amounts of kaolinite and limonite, all formed through 
weathering, are in even the freshest specimens. 


Quartz monzonite porphyry—rThe quart monzonite porphyries are a 
composite group of rocks, differing in color and in content of quartz 
and ferromagnesian minerals, though the different varieties are litho- 
logically transitional with one another. They range from medium gray 
or greenish-gray to nearly white but weather rusty brown, due to limo- 
nite stain. Small- and medium-sized phenocrysts, ranging in quantity 
from scarce to abundant, are enclosed in an aphanitic groundmass. At 
a few places, the dark phenocrysts have sub-parallel arrangement. Feld- 
spar, everywhere present, is greatly altered at some places. Quartz may 
be scarce or nearly as abundant as feldspar; where abundant, it com- 
monly forms conspicuous grains, up to 0.4 inch in diameter. Visible 
ferromagnesian constituents are seldom as abundant as feldspar, and 
they are absent in many specimens. 

As seen under the microscope, a distinct difference in grain size sepa- 
rates the phenocrysts from the groundmass of most thin sections, though 
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the break is not sharp in a few that*contain only small and rare 
phenocrysts. Among the phenocrysts, plagioclase invariably predom- 
inates; quartz varies in abundance in different thin sections; hornblende 
occurs in some, and orthoclase only in those rich in quartz. The 
plagioclase ranges from sodic to calcic albite, more or less coincidentally 
with an increase in ferromagnesian constituents. It occurs in subhedral 
short prisms, as single grains or, much less commonly, as aggregates; 
everywhere it is replaced to some extent by sericite, clay minerals, and, 
locally, epidote. Quartz forms rounded or fragmental grains, a few of 
which are embayed. Greenish-brown hornblende, which becomes nearly 
colorless through alteration, occurs only in the darker-colored specimens. 
The light-colored rocks, however, have a few pseudomorphs of sericite, 
with or without ferruginous carbonate, clinozoisite, epidote, calcite, and 
leucoxene (?), which doubtless are derived from original hornblende or 
biotite. The orthoclase, whose habit is like that of plagioclase, com- 
monly contains micro- or erypto-perthite. 

The groundmass is composed chiefly of albite, orthoclase, quartz, and 
secondary minerals; it also contains hornblende in thin sections having 
abundant hornblende phenocrysts. The fabric normally is micro-granular 
but is micro-poikilitic or partly micrographic in the very siliceous varie- 
ties. Where micro-poikilitic, rounded or irregular-shaped masses of 
quartz or orthoclase extinguish as a unit, enclosing unoriented grains of 
the other minerals. 

Accessory minerals are much less abundant than in the diorite por- 
phyry. Magnetite, partly altered to hematite, limonite, and, rarely, 
leucoxene, is moderately abundant, and apatite and zircon are scarce. 
Pale-blue to pale-brown tourmaline was found in one thin section of 
an extremely siliceous rock; it forms isolated, small anhedral grains 
and spherulitic aggregates. 

The prevailing composition of the plagioclase suggests that widespread 
albitization took place during, or just after, final consolidation. Subse- 
quent, but probably end-phase, hydrothermal alteration is indicated by 
the universal presence of sericite, which commonly is accompanied by 
one, or more, of the following minerals: calcite, chlorite, clinozoisite, 
epidote, ferruginous carbonate, leucoxene (?), and prehnite (?). Much 
later alteration, resulting from weathering, developed clay minerals and 
lesser amounts of limonite, calcite, and leverrierite (?). It should be 
noted that calcite, though widespread, is much less abundant than in 
the diorite porphyry. 

Quartz monzonite aplite—A few dikes in the hills near Cerro Prieto 
are megascopically unlike the quartz monzonite porphyry. They are 
white on weathered, as well as on fresh, surfaces and possess an aphanitic 
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groundmass that ranges from hard to earthy. In some specimens, no 
minerals are visible to the naked eye; in others, small grains of muscovite 
and altered feldspar, patches of chlorite, and minute grains of magnetite 
partly altered to limonite are sparsely distributed. 

Under the microscope, the rock is seen to be a variety of quartz 
monzonite porphyry. Grains or clusters of albite that is partly replaced 
by clay minerals, pseudomorphs composed of pale chlorite and leucoxene 
after former ferromagnesian minerals, and rare quartz occur sparingly 
as phenocrysts. The exceedingly fine-grained, microgranular ground- 
mass apparently consists of albite, orthoclase, quartz, clay minerals, 
and minor chlorite. In addition, there are a few, slightly vuggy masses 
of orthoclase and chlorite that resemble minute miarolitic cavities. 


DISTRIBUTION 


Diorite porphyry and quartz monzonite porphyry are about equally 
abundant, and both are widespread in the areas of Cretaceous sedimen- 
tary rocks but are absent from the areas of extrusive igneous rocks. The 
quartz monzonite aplite, on the contrary, is restricted to the vicinity of 
Cerro Prieto. All the intrusive rocks occur mainly in tabular form, 
ranging from 1 foot to 100 feet in thickness. They transect the strata 
wherever the dip is not steep, though they commonly are more or less 
concordant where the dip is nearly vertical. Hence, the sill-like bodies, 
in reality, are dikes that ascended steeply dipping bedding planes, and 
all the rocks were intruded after the Cretaceous beds were deformed. 
The quartz monzonite porphyry forms at least one small plug, 114 miles 
east of Cerro Prieto. 

Although widespread and abundant within the area mapped, the por- 
phyries show a distinct concentration in regional distribution. They are 
especially abundant in a belt, approximately 114 miles wide, whose 
western border trends S 38° E from just east of Cerro Prieto. Northeast 
of this belt, porphyries are scarce near the Rey del Cobre mine and 
are absent or scarce in the low limestone hills to the southeast. More- 
over, porphyries have not been reported in the Sierra de Bermejillo, 10 
miles farther northeast. Southwest of the belt, the porphyries gradually 
diminish in abundance across the Cerros de Towaso toward the Aurora 
limestone outcrop shown in the south-central part of Plate 5. Still farther 
southwest, in the Sierra de Mapimi, the porphyries are relatively scarce. 


AGE AND CORRELATION 


The relative ages of the porphyries could be established at only a few 
places, where siliceous quartz monzonite porphyry definitely transects 
diorite porphyry. Petrographic data, however, indicate nearly a com- 
plete lithologic gradation from the most siliceous to the most ferro- 
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magnesian rocks. Moreover, field distribution proves that all the por- 
phyries were intruded after the folding of the Cretaceous strata but not 
later than extrusion of the voleanic rocks. These facts strongly suggest 
a single period of intrusion in which the general sequence was from basic 
to acid. 

The dikes at Ojuela and vicinity, in the Sierra de Mapimi, are petro- 
graphically similar to those in the area of Plate 5. A large laccolith 
or stock, just west of Dinamita and extending from 8 to 15 miles south- 
east of Mapimi, is—on the basis of two specimens furnished by Kellum— 
mainly a sodic granite, composed of cryptoperthite, quartz (much of it 
vermicular), orthoclase, biotite, and sodiec oligoclase, with accessory 
magnetite, zircon, and apatite; the cryptoperthite of the granite is similar 
to some phenocrysts of the siliceous varieties of quartz monzonite por- 
phyry. A smaller laccolith (?), 6 miles southwest of Ojuela, is—on 
the basis of one specimen furnished by Kellum—mainly biotite-augite 
diorite, composed of plagioclase, augite, biotite, and minor orthoclase, 
with accessory magnetite, apatite, titanite, and zircon; the plagioclase, 
which is zoned, ranges from labradorite to andesine but averages close 
to AbsoAnso. Probably all the intrusive bodies of the Sierra de Mapimi 
are genetically related. 


TERTIARY EXTRUSIVE ROCKS 
PETROGRAPHY 


Preliminary statement.—The extrusive rocks range in composition from 
basalt to rhyolite. Although some flows are included, the rocks are 
mainly pyroclastic, a small amount of which was deposited in water. 
In mapping, the rocks were divided into four lithologic groups—basalt, 
andesite and andesite breccia, “White beds,” and rhyolite and rhyolite 
breccia. It should be noted, however, that areas shown on Plate 5 as 
andesite and andesite breccia, in places include layers of basalt or, less 
commonly, rhyolite breccia, which are too thin or too poorly exposed 
to be mapped in reconnaissance work. 


Basalt.—The basalts are dark gray on a fresh surface but weather 
dark brown. At a few places, there are irregular patches, not more than 
a few hundred feet in lensth, of bright-green rock, produced by locally 
intense chloritization. Some outcrops of basalt, which are only moder- 
ately jointed, form bold escarpments, whereas others, cut by innumer- 
able closely spaced fractures, are eroded as easily as the andesites. Hand 
specimens show small phenocrysts of plagioclase and ferromagnesian 
minerals, enclosed in an aphanitic or glassy matrix. Rarely, the glass 
has pseudo-perlitic structure. Rocks containing few phenocrysts gen- 
erally have subconchoidal fracture. 
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Under the microscope, the original phenocrysts are plagioclase, augite, 
olivine, and basaltic hornblende. The first two are numerous in all 
thin sections, except those of intensely weathered specimens, whereas 
the last two are minor constituents that occur only in a few thin sections. 
The plagioclase, which predominates, has prismatic habit and forms 
single grains or clusters intergrown with augite. Zonal growths, some 
of them oscillatory, are only moderately common. The average compo- 
sition is close to AbyoAngo, but the margins of some zoned crystals are 
andesine. The augite has faint brown or brownish-green pleochroism; 
most crystals are not twinned or zoned, but some, in a few occurrences, 
have margins with an extinction angle higher than that of the interiors. 
Primary inclusions are rare in all the phenocrysts. 

The groundmass contains abundant laths of plagioclase, about 
AbsoANs59, which show no distinct break in grain size with the plagioclase 
phenocrysts. In places, the laths have sub-parallel arrangement. The 
interstitial material may be microcrystalline plagioclase, augite, and 
secondary minerals or may be partly, or entirely, a pale-brown glass 
whose refractive index is less than canada balsam. Magnetic iron-ore, 
which in some specimens is extensively oxidized to hematite and minor 
amounts of leucoxene, is an abundant accessory mineral. Apatite is 
scarce, and zircon rare. 

Fibrous-green or, rarely, deep-brown biotite is fairly widespread, but 
it is a product of hydrothermal alteration. It forms reaction rims on, 
or transecting, veinlets in augite, replaces plagioclase, and is disseminated 
through the groundmass. The green biotite invariably is closely asso- 
ciated in matted aggregates with bright-green chlorite. In one thin 
section, these two minerals are intergrown with antigorite as pseudo- 
morphs, apparently, at least in part, after augite. The intensity of 
the hydrothermal alteration, however, varies greatly from place to place. 
In weathering, a deep iron stain develops in the ferromagnesian minerals, 
pale iron stain permeates the entire rock, and calcite and kaolinite form 
slowly. 


Andesite and andesite breccia.—The andesites, as well as the andesite 
breccias, are mainly pyroclastic. They resist erosion poorly, and so tend 
to form low rounded hills (Pl. 3, fig. 2) or inconspicuous and con- 
siderably weathered outcrops. Their normal color is fairly dark—gray, 
greenish-gray, or dull red, the red becoming more pronounced through 
weathering. As in the basalts, however, occasional irregular-shaped 
patches are bright green, due to locally intense development of chlorite 
and a little epidote. Definite layers cannot be recognized at many out- 
crops, but elsewhere they are apparent because of differences in the 
coarseness of fragments in the breccias. Locally, but rarely, a rude 
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Ficure 1. NEARLY VERTICAL, METAMORPHOSED INDIDURA FORMATION 
Southern part of the Cerros de Towaso, along the Mapim{-Bermejillo road. 


Figure 2. Low, ROUNDED HILLS OF ANDESITIC ROCKS EAST OF CERRO COLORADO. 


TYPICAL EXPOSURES 
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Figure 1. SOUTHEAST FACE OF HOGBACK AT LA MARITA 
“‘White beds’ near the base are capped by rhyolite and rhyolite breccia. 


Ficure 2. LAMINATED FLOW STRUCTURE 
Dipping vertically in rhyolite of Cerro Colorado. } 
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stratification suggests that a small part of the andesitic material was 
deposited in water. 

The andesites have a prevailingly soft, aphanitic matrix, enclosing 
fairly numerous phenocrysts of plagioclase and ferromagnesian minerals. 
Under the microscope, the plagioclase phenocrysts are even more abun- 
dant than is apparent megascopically, because of the small size of 
many. All have a decidedly prismatic habit, though many are frag- 
mental. The composition ranges from calcic andesine to sodic labra- 
dorite in some thin sections but is albite in others. Andesine and labra- 
dorite commonly are slightly replaced by orthoclase or albite. Zonal 
growths, including oscillatory zoning, are moderately common in the 
intermediate plagioclase but do not exist in the albite. Depending on 
the extent of weathering, the plagioclase may be relatively fresh or 
be intensely replaced by clay minerals. Ferromagnesian phenocrysts 
are much less abundant than are those of plagioclase. Almost every- 
where they are represented by pseudomorphs of iron-stained clay, but 
augite was found in one thin section. Angular quartz grains are rare 
in a few specimens. The groundmass, which has a refractive index less 
than canada balsam, is cryptocrystalline but contains no recognizable 
outlines of glass shards. As accessory minerals, minute grains of mag- 
netite, partly oxidized to hematite, are abundant, apatite is scarce, and 
zircon and titanite rare. 

Secondary minerals are abundant in the andesites. Small amounts of 
chlorite and less of sericite are fairly widespread as hydrothermal 
products. Clay minerals, iron-stain, and calcite, in order of abundance 
as named, occur in diverse quantities, depending on the extent of 
weathering. The clay is mainly kaolinite, but there also is a clay 
mineral, having low birefringence whose refractive index is less than 
canada balsam. Two thin sections contain rare aggregates of a mineral, 
uncertainly identified as vivianite, which was formed by weathering. 

The andesite breccias, slightly less abundant than the andesites, are 
identical with the andesites except for the angular or sub-rounded rock 
fragments, few of which exceed 6 inches in diameter. In general, slight 
differences in color between the rock fragments and the matrix become 
accentuated by weathering, except where the weathering has been so 
intense as to impart a dull red color to the entire rock. As seen under 
the microscope, the rock fragments are predominantly andesite and sub- 
ordinately basalt, though diorite porphyry was found in one thin 
section. Rather fibrous green biotite occurs sparingly in the thin section 
that contains the diorite porphyry; the biotite must be a hydrothermal 
product, for it occurs in both the matrix and the diorite porphyry inclu- 
sion. Some rock fragments are heavily iron stained, but most show 
about the same amount of weathering as the matrix. 
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“White beds.”—The term “White beds” is here used for a group of 
rocks whose prevailing color ranges from snow-white to light gray, 
although irregularly distributed patches of iron stain have locally 
colored them dull red or purplish gray. They are tuffs and breccias, 
at least in part water-laid, which doubtless are genetically related to the 
rhyolites, for their composition ranges from quartz trachyte to rhyolite. 
The “White beds” are eroded even more easily than the andesites, and 
so crop out only on steep slopes or in gullies (Pl. 4, fig. 1). 

Some of the “White beds” are aphanitic, but, more commonly, an 
aphanitic matrix encloses small angular grains of feldspar and subordi- 
nate quartz and biotite. In addition, some layers contain diverse quan- 
tities of angular igneous rock fragments and slightly rounded mud 
pellets, which seldom exceed a quarter of an inch in diameter, though 
locally a few are as much as an inch in diameter. In places, numerous 
selenite veinlets transect the rock. 

Some layers are well and thinly stratified; others are structureless. 
Some of the stratified layers are fairly well sorted, showing abrupt 
changes in the average size of mineral and rock fragments from one 
lamination to the next. Locally, there is “choppy” cross-bedding. A 
peculiar feature of the stratification, as seen on steep slopes, is the 
existence of zones, a few feet thick, in which bedding planes dip about 
70 degrees between strata having a gentle dip. These zones could be 
due to drag along faults, though no other evidence of faulting exists in 
their immediate vicinity; they also could be unusually steep false strati- 
fication, perhaps of foreset beds of a delta. 

As seen under the microscope, the rock contains small phenocrysts, 
rarely exceeding 1.0 millimeter in length, of quartz, orthoclase, albite, 
and brown biotite. The relative proportions of the first three differ, 
so that any one may be the most abundant; biotite, being much less 
common than the others, is absent in most thin sections. All except 
biotite are in more or less fragmental grains. Small rock fragments 
of the “White beds” and mud pellets composed of kaolinite are in some 
thin sections. The matrix is wholly, or in part, eryptocrystalline material, 
which doubtless is devitrified glass, whose refractive index is less than 
canada balsam. Distributed through the eryptocrystalline material in 
different thin sections are: (1) small, nearly isolated grains of quartz 
and orthoclase, (2) microgranular intergrowths of orthoclase and quartz, 
in part micropoikilitic, or (3) microlites of feldspar. In most thin sec- 
tions, faint differences in texture suggest that the groundmass is made 
up of irregular-shaped, but somewhat rounded, particles; in a few, how- 
ever, outlines of devitrified glass shards are visible. Accessory mag- 
netite and apatite are rare. Secondary clay minerals are moderately 
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abundant and widespread, but iron stain is local. Calcite, sericite, and 
chlorite are rare. 

A specimen of the ‘‘White beds,” obtained a few feet west of the fault, 
674 miles north of San Isidro, shows the effects of crushing and altera- 
tion. Under the microscope, this rock has fragmental quartz grains and 
clay pseudomorphs after feldspar, enclosed in a cryptocrystalline matrix 
that is streaked along micro-shear zones with clay minerals and some 
iron stain. The refractive index of both the matrix and the clay min- 
erals is less than canada balsam. The birefringence of the clay minerals 
is in part low, in part moderate, thus indicating two different species. 


Rhyolite and rhyolite breccia—The rhyolitic rocks are in part flows, 
in part volcanic breccias, the latter predominating. Both tend to form 
escarpments (PI. 4, fig. 1), though the flows resist erosion even more than 
the breccias. The rocks weather pale yellow, yellowish-brown, or pale 
red but are nearly white on a fresh surface. Quartz and orthoclase, 
the latter either fresh and glassy or highly altered to platy clay minerals, 
are conspicuous in the flows and in a few of the breccias; in others, they 
are inconspicuous. They are enclosed in an earthy-looking, aphanitic 
groundmass in most occurrences, but a few of the flows have a glassy 
or stony-looking matrix. In addition, the breccias contain abundant 
angular rock fragments, never exceeding 4 inches in diameter and seldom 
exceeding half an inch. 

Under the microscope, quartz and orthoclase phenocrysts are subhedral, 
embayed, or fragmental. Clay pseudomorphs after biotite are rare. 
The groundmass, which is exceedingly fine grained, consists chiefly of 
orthoclase, quartz, and clay minerals; in all the breccias, outlines of 
devitrified glass shards are abundant and visible even with a low power 
objective. Some of the clay is kaolinite, but some, having a refractive 
index less than canada balsam, apparently is montmorillonite with 
unusually low birefringence. Minor amounts of sericite and chlorite are 
moderately widespread, and calcite and limonite occur where the rock 
is considerably weathered. Magnetite, partly oxidized to hematite and 
limonite, is rare as an accessory mineral. The rock fragments of the 
breccias are mostly rhyolite, but some are altered beyond identification. 

At Cerro Colorado are some puzzling rocks, doubtfully correlated with 
the rhyolites just described. The most abundant facies is a light pinkish- 
gray, stony-looking, thinly laminated rock, which becomes fissile through 
weathering. At first, it was impossible to decide whether this was a 
metamorphosed facies of the Indidura formation or a rhyolite with ex- 
ceptionally well-developed flow structure (Pl. 4, fig. 2). Detailed map- 
ping, however, revealed that the laminated rock at most places overlies 
extrusive andesite or andesite breccia, so it could not be part of the 
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Indidura. Strangely, though, the flow lines are nonconformable to the 
contact with the andesite. Under the microscope, rare phenocrysts of 
microcline or cryptoperthite and subordinate biotite are seen enclosed 
in a eryptocrystalline groundmass whose refractive index is less than 
canada balsam. The cryptocrystalline substance encloses, in addition 
to the phenocrysts: (1) irregular-shaped grains, up to 0.1 millimeter 
diameter, of orthoclase, quartz, and albite, or (2) feldspar microlites, 
or (3) small quartz lenses oriented parallel to the flow lines. The 
unbrecciated rhyolite grades lithologically into a volcanic agglomerate 
composed of a chaotic assemblage of unoriented rhyolite fragments, up 
to 6 inches in diameter, cemented by a small amount of cryptocrystalline 
matrix. Plastered on the rhyolite, rhyolite breccia, and rhyolite agglom- 
erate, at several places on Cerro Colorado, is a consolidated talus breccia 
composed of rhyolitic rock fragments. 


DISTRIBUTION AND THICKNESS 


From a point scarcely 2 miles north of Mapimi, a series of isolated 
areas of extrusive rocks, separated by alluvium or gravel, form a semi- 
circle around the northwest end of the Cerro Prieto sedimentary mass. 
Hence, extrusive rocks must constitute the bedrock along the entire 
western, northern, and northeastern portions of the map. From there, 
they continue northward and northwestward for miles. The larger out- 
crops range from low and inconspicuous hills, such as those 2 miles 
north of Mapimi, to fairly rugged ones having a relief of about 1000 
feet, as at Cerro Colorado and at the hogbacks north of La Marita. 

Plate 5 shows the areal distribution of the four lithologic groups. The 
andesite and andesite breccia group is the most abundant. It is par- 
ticularly widespread in the north and northwest but becomes less abun- 
dant to the southeast and southwest. The rhyolite and ryholite breccia 
group, second in abundance, is widespread in the northeast and north 
but is scarce elsewhere. Basalt, though scattered throughout almost the 
entire area of extrusive rocks, is decidedly less common than are the 
two groups just mentioned. The “White beds” are restricted to narrow 
bands in the northeastern part of the district. 

Continuous exposures, as aids to determine the precise sequence and 
thickness of the extrusive rocks in the district, do not exist. Neverthe- 
less, considerable knowledge may be obtained by piecing together bits 
of local information. In the extreme northwestern part of the area, a 
layer of rhyolite breccia forms a high cuesta having a 20-degree dip- 
slope to the northeast. This dip-slope is overlapped, north of the area 
mapped, by another high cuesta of rhyolite breccia, also dipping north- 
eastward. The overlapping of the two cuestas provides an opportunity 
to determine a thick sequence, uncomplicated by faulting. A traverse 
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between the two rhyolitic layers indicates approximately 1900 feet of 
poorly exposed andesite and andesite breccia, with some interbedded 
basalt, and perhaps rhyolite. The upper rhyolitic layer loses its topo- 
graphic expression southward, before reaching the northern boundary 
of the map, but it does cap the conical-shaped hill (Elevation 4490 feet) 
shown on Plate 5. Adding the more doubtful section obtained from poor 
exposures east and west of the two rhyolitic layers, the following partial 
stratigraphic column may be constructed for the rocks lying immediately 
north of the “dissected terrace of gravel underlain by consolidated 
gravel” (PI. 5): 


Feet 

Andesite and andesite breccia, perhaps with minor amounts of basalt and 

Andesite and andesite breccia, with at least one basalt flow, and perhaps 

Andesite and andesite breccia, with minor amounts of rhyolite breccia. Base 


All the different types of extrusive rocks are represented in the hog- 
backs north of La Marita, but, as the precise structure cannot be deter- 
mined, the detailed sequence is uncertain. A number of hogbacks, as 
shown by Plate 5, have the same general sequence from base to top: 
andesite and andesite breccia, “White beds,” rhyolite and rhyolite brec- 
cia—with a few basalt flows at different horizons. Hence, the “White 
beds” may be a single lithologic unit repeated by faulting, or they may 
occur at several horizons. Neither their thickness, which ranges from 
300 feet to 700 feet, nor their lithologic detail is the same from one 
hogback to another, but, because of the nature of the “White beds,” 
the variations do not necessarily imply more than one horizon. 

The prevailing northeast-dip along the north margin of the area indi- 
cates, even with due allowance for possible undiscovered faults, that 
the bulk of the andesitic rocks underlie the bulk of the rhyolitic, and 
that the “White beds” form one or several horizons between them. At 
the Rey del Cobre mine, a rhyolite dike seems to pass southward into 
a lava flow that lies directly on Indidura beds. Remnants of the same 
flow, also overlying Indidura beds, cap two small hills, half a mile 
southeast of the mine. Moreover, it is obvious from Plate 5 that, if 
the rhyolitic rocks in the first hogback northeast of La Marita be pro- 
jected southeastward along their strike, little or no andesite could exist 
between them and the Indidura strata near Rey del Cobre. This is 
further substantiated, 4 miles southeast of Rey del Cobre, where debris 
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indicates Indidura bedrock at shallow depth beneath the gravel, extending 
eastward from the Cerro Prieto—Cerros de Towaso hills to not less than 
a mile west of a mesa composed of nearly horizontal rhyolite breccia. 
Hence, the 4000+ feet of andesitic rocks in the north must thin or pinch 
out rapidly southeastward. 

In the western part of the area, 2 miles north of Mapimi, basalt occurs 
at, or close to, the base of the volcanic series. Similar rock, just west 
of San Ramon, is in close proximity to a large area of andesitic rocks, 
which, in turn, are overlain by the peculiar rhyolite of Cerro Colorado. 
Near La Marita basalt occurs above the “White beds,” and it is found 
at other horizons elsewhere. 


AGE 


The foregoing data make apparent the relative ages of the extrusive 
rocks. Basalt flows are interbedded with andesitic rocks, and basalt 
fragments are common in the andesite breccias. Hence, they must be 
essentially contemporaneous in age. A few rhyolite breccias are inter- 
bedded in the andesite series, but the bulk of the rhyolitic rocks are 
younger than the andesitic ones. The southeastward pinching of the 
andesitic rocks beneath the rhyolitic ones may be due to an intervening 
period of erosion or to unequal distribution outward from local volcanic 
craters. The latter hypothesis is the more probable, for, otherwise, the 
rhyolite breccias in the andesite series could be explained only by postu- 
lating two separate extrusive periods for rocks rather similar lithologi- 
cally. The “White beds” are intermediate in age between the two main 
groups. 

By a combination of physiographic and tectonic evidence, the latter 
to be fully discussed in the section on geologic structure, the extrusive 
rocks are inferred to be near middle Tertiary in age. They were ex- 
truded, on the one hand, after a considerable period of erosion subsequent 
to the Laramide orogeny, but, on the other hand, before tilting and 
faulting that preceded deposition of the early Pleistocene or older con- 
solidated gravels. 

CORRELATION 

The voleanic rocks at Mapimi are part of, and near, the eastern 
margin of the great mass of volcanic rocks that covers most of the main 
Sierra Madre to the west. As no systematic study of these rocks has 
been made anywhere near Mapimi, correlations are uncertain. A greater 
diversity of lithologic types exists farther west than in those near Mapimi. 

The conspicuous quartz and orthoclase phenocrysts in the rhyolite 
flows near La Marita suggest similarity to the rhyolites near San 
Juan de Guadalupe, Durango, 100 miles to the southeast, described by 
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Bonillas.° The rhyolitic rocks near La Marita also are similar petro- 
graphically to some of the rhyolite, rhyolite breccia, and rhyolite tuff 
near Cerro de Mercado, Durango, described by Quintero.’° Andesitic 
rocks, chiefly breccias, which doubtless are more or less equivalent to 
those near Mapimi, are widespread to the west. 

Near the Guadalupe y Calvo, Chihuahua, according to Weed," and 
near Cerro de Mercado, according to Gonzales (in the publication cited), 
rhyolites overlie a rugged topographic surface of andesites; and west 
of Guanacevi, according to Hewett,!* rhyolites overlie Triassic (?) shales, 
with no andesite between. The rapid southeastward pinching of the 
andesites north of Mapimi suggests similar relations, but, as has been 
pointed out, the variations in thickness may also be explained by unequal 
distribution of materials from different voleanic vents. Authors, how- 
ever, agree that the bulk of the rhyolites overlie the bulk of the andesites. 

Basalt, which is much less common than is andesite or rhyolite in 
the main Sierra Madre, as at Mapimi, apparently was extruded at dif- 
ferent periods. Published descriptions seem to indicate that the basalts, 
which clearly are younger than the voleanic series at Mapimi, are much 
richer in olivine than are the basalts described in this paper; and, in 
general, andesites younger than those near Mapimi contain hypersthene. 


GEOLOGIC STRUCTURE 
STRUCTURE OF THE CRETACEOUS SEDIMENTARY ROCKS 


The region north and east of Mapimi is part of a major synclinorium 
between the Sierra de Mapimi, to the south, and the Sierra de Bermejillo, 
to the northeast. As shown by Plate 5, the prevailing dip of the Indi- 
dura formation is southwest, because the area was tightly compressed 
and folded into a series of anticlines overturned to the northeast, toward 
the Jurassic landmass. In spite of fairly rugged topography, outcrops 
are not good enough to locate most of the anticlinal and synclinal axes, 
at least in reconnaissance. A few, however, are shown on the map, and 
these will be discussed briefly. 

Just north of Mapimi, a syncline is shown in the Indidura beds that 
crop out east of the low gravel-caliche escarpment. The approximate 
position of the axis was determined by the directions of the long limbs 


®I. S. Bonillas: Descripcién petrografica de las rocas eruptivas y de contacto de las Sierras de 
Minillas, Cerro Prieto, Pichagua y Sierra de Ramirez, and Emile Bése: Descripcién de los alrede- 
dores de San Juan de Guadalupe, Dgo., de Symon, Dgo., y de Comacho, Zac., Instit. Geol. México, 
Bol. 42 (1923) p. 49-62. 

20L. S. Salinas, Pedro Gonzales, Manuel Santillan, Antonio Acevedo, and A. R. M. Quintero: 
wl Cerro de Mercade, Durango, Instit. Geol. México, Bol., nim. 44 (1923) p. 12. 

11 W. H. Weed: Notes on a section across the Sierra Madre Occidental of Chihuahua and Sinaloa, 
Mez., Am. Inst. Min. Eng., Tr., vol. 32 (1901) p. 453. 

122G. C. Hewett: Section across the Sierra Occidental of Merico (discussion of paper by Weed), 
Am. Inst. Min. Eng., Tr., vol. 23 (1902) p. 1059. 
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of several well-defined drag folds. This syncline doubtless is the con- 
tinuation of one of three synclines passing through the Ojuela mining 
district, to the southeast. 

The area of Aurora limestone at the south-central margin of the map 
is the northern tip of a conspicuous northward-plunging anticlinal spur 
from the Sierra de Mapimi. The anticline continues as a prominent 
structure in the Indidura beds along the Parselos ridge. A large drag 
fold, immediately east of the Parselos, is also shown on Plate 5. Farther 
east, the strata form the eastern limb, overturned at most places, of the 
Sierra de Mapimi anticlinorium, though the dips indicate some small 
local folds. 

About 3 miles northwest of San Isidro, the variations in strike and dip, 
if interpreted as drag fold phenomena, indicate the approximate position 
of a major anticline. This anticline probably extends northwestward, as 
shown on the map, to the west of local northeast dips in the northern 
part of the Cerros de Towaso and to the west of the steep dips at the 
foot of Cerro Prieto. 

North of Cerro Prieto, steep northeast dips indicate an anticline, which 
cannot be traced very far with any assurance. Another anticline, whose 
axis is not shown on Plate 5, is revealed by the dips near the Rey del 
Cobre mine. 

Slickensides and small faults were observed at a number of places 
in the Cretaceous rocks, but none of importance were found, though 
this could be due to the character of the outcrops and the absence of 
horizon markers. The most conspicuous joints strike northwest and dip 
steeply northeast or southwest, at a small angle to the dip of the bedding. 


STRUCTURE OF THE TERTIARY VOLCANIC ROCKS 


The voleanic rocks have been tilted and faulted, but nowhere do they 
show evidence of intense compression, as do the Cretaceous sedimentary 
rocks. Unconformable relations may be observed just north of Mapimi, 
where basalts are nearly horizontal whereas nearby Indidura beds have 
steep dips; although the actual contact is covered with alluvium, there 
is not the slightest doubt that at this locality the basalts truncate folded 
Indidura strata. Near the Rey del Cobre mine, a rhyolite dike appar- 
ently served as feeder to the flow that crops out to the south and caps 
two small hills to the east. Here, little or no angular discordance exists 
between the rhyolite flow and the Indidura beds, but the condition is 
fortuitous, because the rhyolite happens to overlie nearly horizontal 
strata along the crest of an anticline. 

The general topographic position of the volcanic rocks, in valleys 
between high ridges or mountains composed of Cretaceous sedimentary 
rocks, suggests that extrusion occurred after the broader features of the 
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present topography had been outlined. Of course, the volcanic rocks 
could be downfaulted blocks, but if this were the case, some in-faulted 
remnants probably would exist in the mountains. 

In the entire northern part of the district the volcanic rocks have been 
tilted, so that they now dip to the northeast at angles ranging from 
20° to 50°, as shown on Plate 5. At other localities, the dips are more 
gentle, though at many places the precise angle cannot be determined. 
The unusually steep dips of the flow structure of the rhyolite at Cerro 
Colorado and of certain zones in the “White beds” near La Marita have 
been mentioned. 

Faults in the volcanic rocks were actually observed at only two 
localities. At the eastern edge of Cerro Colorado, a fault, having a 
throw of not more than 100 feet, displaces rhyolite against andesite. 
Close to the fault, the rhyolite has been bleached and rendered so fissile 
as to resemble the Indidura beds. A much larger fault is near the east- 
central margin of the district, where rhyolite breccia and “White beds” 
have been faulted against Aurora limestone. The fault is best exposed 
at the small mass of “White beds” shown on the map. On the west side 
of the fault the “White beds” have been sheared, and clay gouge has 
developed. On the east side, a thin band of Indidura shale and the 
Aurora limestone have been flexed as much as 90 degrees by drag. 
Beyond the drag zone, which is about 300 feet wide, the Aurora lime- 
stone is nearly horizontal. As andesitic rocks may not underlie the 
rhyolites at this locality, and as the extent of erosion of the Indidura 
rocks prior to extrusion of the rhyolites cannot be determined, the amount 
of displacement on the fault cannot be calculated. 

The areal distribution of rocks in the hogbacks north of La Marita 
indicates the presence of faults, and some small ones were actually seen. 
But it has been pointed out that neither the structure nor the strati- 
graphic sequence can be deciphered; the problem has two unknowns in 
a single equation. Therefore, the faults shown with question marks 
on Plate 5 merely represent one possible interpretation of the major 
structure. 

Cerro Colorado presents several structural anomalies. At most places, 
rhyolite having steeply dipping flow lines clearly overlies andesitic rocks 
and dips gently away from an anticlinal axis that trends northwest 
through the center of the mountain. However, just west of the fault, 
rhyolite and rhyolite agglomerate extend down into the surrounding 
andesitic rocks, as deeply as bedrock is exposed. This must be a former 
voleanic crater, for the observed positions of nearby andesite-rhyolite 
contacts preclude explaining the condition by faulting or by erosion prior 
to extrusion of the rhyolite. 
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ORE DEPOSITS 


It has been pointed out that dikes are especially abundant in a belt 
extending southeasterly from Cerro Prieto and that their decrease in 
abundance is rapid to the northeast but is more gradual to the south. 
Moreover, this belt roughly coincides with the area of greatest thermal 
metamorphism of the Cretaceous sedimentary rocks. Metallic minerali- 
zation in the vicinity, likewise, shows a general zonal arrangement to 
the belt. 

The Rey del Cobre is a copper mine, long abandoned, located 114 to 
2 miles northeast of the belt of abundant dikes. The mine workings 
include several shafts and a shallow incline. The size of the workings 
indicates that only a small tonnage of ore was shipped. The ore in the 
shafts occurs in several narrow, vertical veins, striking N 20° W. The 
upper parts of the veins are oxidized, but specimens on the dumps indi- 
cate the chief hypogene minerals to be epidote, purplish sphalerite, 
chalcopyrite, and subordinate pyrite, mixed with remnants of unreplaced 
limestone. The rock adjoining the veins was replaced and transected by 
epidote and locally impregnated with pyrite. The epidote indicates a 
moderately high temperature of deposition. 

The shallow incline extends southwestward into a series of small stopes 
in highly oxidized ore, which was a replacement deposit in limestone 
adjoining the rhyolite dike shown on Plate 5. As in the veins, ore 
deposition was accompanied by considerable epidotization. Both rhyolite 
and limestone were epidotized and mineralized, but the ore shoots are 
confined to limestone. Hence, ore deposition took place subsequent to 
consolidation of the rhyolite dike, which lithologically is identical with 
rhyolite flows of the region. 

The only other mine in the district is at the southern base of Cerro 
Prieto, close to the southwest margin of the belt of abundant dikes. 
Here, too, copper was the chief metal. The workings consist of one 
main adit along several closely spaced, nearly vertical veinlets, trend- 
ing nearly due north and several small prospects. The size of the dumps 
indicates that little commercial ore was extracted. No ore specimens 
were found, but, as at Rey del Cobre, rock adjoining the veinlets has 
been locally impregnated with much pyrite. Other, non-productive pros- 
pects are near Cerro Prieto, and, throughout this area, epidote is wide- 
spread as films along fractures in the sedimentary and in the intrusive 
rocks. 

The famous and rich Ojuela district is approximately 7 miles south- 
west of the belt of abundant dikes, 4 miles northwest of the granite 
stock or huge laccolith west of Dinamita, and 2 miles northeast of a 
small diorite laccolith (?) on the west flank of the Sierra de Mapimi. 
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In addition, Spurr‘*® reports a dome-like intrusion of “coarse-alaskite 
at a depth of about 3500 feet below the surface,” discovered by drill 
cores; according to Spurr,’* the “alaskite” crops out 7 miles north of 
Ojuela, so apparently it is a siliceous varicty of the quartz monzonite 
porphyry of this paper. The chief metals deposited at Ojuela are silver 
and lead. The small copper content of the ore increases at depth, but 
this is in part due to change from oxidized to hypogene ore. Arseno- 
pyrite in the hypogene ore indicates a moderately high temperature 
of deposition. Although the solutions that deposited ore at Ojuela prob- 
ably did not emanate from the same place as those that produced the 
weak copper mineralization at Rey del Cobre and at Cerro Colorado, 
it nevertheless is significant that the silver-lead deposits occur where 
dikes are scarce. 

The copper deposits north of Mapimi formed after consol.dation of a 
rhyolite dike—that is, about middle Tertiary. However, as the dike 
belongs to the latest group of igneous rocks in the district, the ore solu- 
tions doubtless were derived from the same magma reservoir as was. the 
dike. The deposits at Ojuela may be slightly older, for, according to 
Spurr, the ore is earlier than the “diorite” (diorite porphyry of this 
paper) dikes. However, Spurr states that similar “diorite” is earlier 
than the ore at Pefioles, 30 miles distant, and Velardefia, 50 miles distant. 
Hence, there probably was only one general period of ore deposition, 
about middle Tertiary in age, in the region. 


SUMMARY OF GEOLOGIC HISTORY AND CONCLUSIONS 


The geologic record near Mapimi begins with the middle of the Lower 
Cretaceous, when the Aurora limestone was deposited in a marine geo- 
syncline. Marine deposition continued through Indidura time, at least 
until the middle of the Upper Cretaceous, but limestone was accompanied 
by fine-grained clastic material. Marine sedimentary rocks younger 
than the Indidura are exposed at various places farther east but have 
been eroded if they were deposited near Mapimi. 

Intense compression folded the Cretaceous sedimentary rocks into a 
series of anticlines, overturned to the northeast, toward the Jurassic 
landmass, 25 miles distant. The folding near Mapimi was part of a 
major orogeny, which, in Coahuila and Nuevo Leon, involves Maestrich- 
tian (late Upper Cretaceous) beds, but which, according to Bése, began 
in late Maestrichtian time. Thus, it may be regarded as part of the 
Laramide Revolution. 

Diorite and quartz monzonite porphyries, mainly in the form of dikes, 
intruded the sedimentary rocks after the Laramide folding. There was 


13J, E. Spurr: The ore magmas (1923) p. 264-265. 
14 Op. cit., p. 210. 
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only one general period of intrusion in which the sequence, on the whole, 
was from basic to acid. The dikes are most abundant in a belt, 14% 
miles wide, extending southeastward from Cerro Prieto; the belt doubt- 
less follows the crest of an underlying batholith. In an area that roughly 
coincides with the intrusive belt, the Indidura beds were thermally meta- 
morphosed. The dikes near Mapimi probably were intruded at about 
the same time as were the larger igneous bodies in the Sierra de Mapimi. 

Contemporaneous with, or subsequent to, the porphyries, and after 
the broader features of the present topography had been outlined, a series 
of voleanic breccias, with some interbedded flows, were extruded. Their 
maximum thickness is more than 6000 feet. Andesite and rhyolite greatly 
predominate, though basalt and other types are present. Most of the 
rhyolites are younger than most of the andesites, but all the volcanic 
rocks probably are closely related in age. The volcanic rocks belong 
to the eastern part of a volcanic province that extends westward across 
the main Sierra Madre. 

Rather insignificant copper deposits, formed during the closing stages 
of voleanism, are on the flanks of the belt of abundant dikes. The rich 
silver-lead deposits at Ojuela are where dikes are scarce. The Ojuela 
deposits may not be contemporaneous with the copper deposits, though 
regional relations suggest only one general period of ore deposition. 

The volcanic rocks were tilted and faulted, but not intensely com- 
pressed. Their deformation was followed by erosion prior to deposition 
of gravels that now are consolidated. The gravels, in turn, were eroded 
before deposition of recent alluvium. 

The tectonic and physiographic relations of the voleanic rocks indicate 
that they are about middle Tertiary in age. There is no direct evidence, 
field or petrographic, to prove that the intrusive cycle coincided with the 
extrusive. The ore deposits, however, show a zonal arrangement with 
respect to the intrusives, and at least some of these deposits are later 
than rhyolite. Hence, all the igneous rocks probably, but not certainly, 
belong to the same cycle. 
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INTRODUCTION 


Numerous investigators in recent years have called attention to regu- 
larly recurrent sequences in the strata of the Pennsylvanian system in 
the eastern and central parts of the United States. Wanless, in associa- 
tion with J. M. Weller, has been engaged for several years in field studies 
of the Pennsylvanian in Illinois and surrounding states, for the Illinois 
State Geological Survey, and has traced many of the recurrent sequences 
or cyclothems’ over wide areas, using them as an aid in correlation. 
Reconnaissance studies have also been made by him in Ohio, Kentucky, 
Indiana, and the northern mid-continent and Rocky Mountain regions. 
Shepard has suggested the basic idea as to the cause of the cycles 
developed in this paper and has contributed information from studies of 
recent sea level oscillations and the influence of these changes on conti- 
nental shelf sediments. 

The authors have attempted to determine whether this peculiar type of 
sedimentation is largely limited to the eastern part of North America, 
where it has become fairly well known, or whether comparable sequences 
are to be found in rocks of corresponding age elsewhere. With this point 
in view, Wanless studied the Pennsylvanian rocks of the Rocky Mountain 
region during the summer of 1934, and found abundant evidences of cyclic 
sedimentation in that region. Weller earlier studied evidences of cyclic 
sedimentation in Ohio, West Virginia, Iowa, Missouri, Kansas, and 
Oklahoma. 

The purpose of the present paper is to review the explanations of cyclic 
sedimentation which have been offered, and to present the new hypothesis 
that the rhythmic alternations of sediment in the late Paleozoic are con- 
trolled largely by sea level fluctuations and climatic variations related to 
late Paleozoic glaciation. 


CYCLIC SEDIMENTS 
GENERAL STATEMENT 


Pennsylvanian cycles were first described by Udden? from central 
Illinois, where they include coal, limestone, shale, sandstone, and clay. 


1H. R. Wanless and J. M. Weller: Correlation and extent of Pennsylvanian cyclothems, Geol. 
Soc. Am., Bull., vol. 43 (1932) p. 1003. 

2J. A. Udden: Geology and mineral resources of the Peoria quadrangle, Illinois, U. S. Geol. Surv., 
Bull. 506 (1912) p. 47-50. 
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Cyclical sediments of the same age have since been described from 
Illinois,’ Kansas,* Missouri and Iowa,> Ohio,® West Virginia,” Michigan,® 
Texas,® Colorado,’® the British Isles,‘* and the Silesian basin.12 Other 
described sections which indicate the presence of cyclic sediments are in 
the maritime provinces,’* Rhode Island,’* Alabama,!®> Oklahoma,?*® New 
Utah,’* Idaho,’® California,?° the Westphalian coal basin,” 
and the Donetz basin.*? It seems probable that Pennsylvanian sediments 


8J. M. Weller: Cyclic sedimentation in the Pennsylvanian and its significance, Jour. Geol., vol. 
38, no. 2 (1930) p. 97-135; The conception of cyclical sedi tation during the Pennsylvanian period, 
Til. State Geol. Surv., Bull. 60 (1931) p. 163-177. 

H. R. Wanless: Pennsylvanian cycles in western Illinois, Ill. State Geol. Surv., Bull. 60 (1931) p. 
179-193; Pennsylvanian section in western Illinois, Geol. Soc. Am., Bull., vol. 42 (1931) p. 801-812. 
H. R. Wanless and J. M. Weller: op. cit., p. 1006-1009. 

*R. C. Moore: Sedimentation cycles in the Pennsylvanian of the northern mid-continent region, 
[abstract] Geol. Soc. Am., Bull., vol. 41 (1930) p. 51-52; Pennsylvanian cycles in the northern mid- 
continent region, Ill. State Geol. Surv., Bull. 60 (1931) p. 247-257; Correlation of phases in sedi- 
mentation cycles in Pennsylvanian and ‘‘Permian” rocks of Kansas, Geol. Soc. Am., Pr. for 1934 
(1935) p. 100. 

5H. R. Wanless and J. M. Weller: op. cit., p. 1009-1015. 

6 Wilber Stout: Coal-formation clays of Ohio, Ohio Geol. Surv., 4th ser., Bull. 26 (1923) p. 533- 
568; Pennsylvanian cycles in Ohio, Ill. State Geol. Surv., Bull. 60 (1931) p. 195-216. 

7D. B. Reger: The Monongahela series of West Virginia, W. Va. Acad. Sci., Pr., vol. 3 (1929) p. 
134-146; Pennsylvanian cycles in West Virginia, Ill. State Geol. Surv., Bull. 60 (1931) p. 217-239. 

8W. A. Kelly: Pennsylvanian stratigraphy near Grand Ledge, Michigan, Jour. Geol., vol. 41 (1933) 
p. 79-86. 

°F. B. Plummer: Pennsylvanian sedimentation in Tezas, Ill. State Geol. Surv., Bull. 60 (1930) p. 
259-269. 

10 J. Harlan Johnson: Contribution to the geology of the Sangre de Cristo Mountains of Colorado, 
Colo. Sci. Soc., Pr., vol. 12 (1929) p. 6-11. 

11R. G. Hudson: On the rhythmic succession of the Yoredale series in Wensleydale, Yorkshire Geol. 
Soc., Pr., vol. 20, pt. I (1923-24) p. 1-11. 

L. H. Tonks and R. C. B. Jones: Geology of Manchester and the southeast Lancashire coalfield, 
Geol. Surv. England and Wales, Mem., Explanation of sheet 85 (1931) p. 10-13. 

James Brough: On rhythmic deposition in the Yoredale series, Univ. Durham, Philos. Soc., Pr., 
vol. 8, pt. 2 (1929) p. 116-125. 

G. Simoens: Coal measures classification of the south Wales coal field. Private publication (1918) 
p. 81-82. 

12 Axel Born: Periodicity in the movements of the earth’s crust, Paper presented before 16th Intern. 
Geol. Congr., as reported in the New York Times (July 30, 1933). 

18 A. O. Hayes and W. A. Bell: The southern part of the Sydney coal field, Nova Scotia, Geol. 
Surv. Canada, Mem. 133 (1923) p. 22-29. 

W. S. Dyer: Minto coal basin, New Brunswick, Geol. Surv. Canada, Mem. 151 (1926) p. 9-16. 

144 J, B. Woodworth, N. S. Shaler, and A. F. Foerste: Geology of the Narragansett Basin, U. S. 
Geol. Surv., Mon. 33 (1899) p. 49-50. 

15 Charles Butts: Geology of Alabama, Ala. Geol. Surv., Spec. Rept. no. 14 (1926) p. 208-217. 

16M. S. Littlefield: Letter of February 15, 1932. 

17E. F. Miller, B. H. Parker, and D. Beeth: Stratigraphic sections in northeastern New Merico, 
Kansas Geol. Soc., Hdbk. 4th Ann. Field Conference (1930) p. 197-220. 

18 James Gilluly: Geology and ore deposits of the Stockton and Fairfield quadrangles, Utah, U. S. 
Geol. Surv., Prof. Pap. 173 (1932) p. 27-36. 

19°C, P. Ross: Correlation and interpretation of Paleozoic stratigraphy in south-central Idaho, 
Geol. Soc. Am., Bull., vol. 45 (1934) p. 986-990. 

2 Edwin Kirk: Stratigraphy of the Inyo Range, U. S. Geol. Surv., Prof. Pap. 110 (1918) p. 41-42. 

2 P, Kukuk: Stratigraphie wnd tektonik der Rechtsrheinisch-Westfalischen stetnkohlenablagerung, 
Congrés pour l’avancement des études de stratigraphie carbonifére, Heerlen (1928) p. 419-420. 

22B. Tschernyschew: Carbonicola, anthr ya and najadites, of the Donetz basin, Geol. and 
Prosp. Serv. U. 8. S. R., Tr., Fase. 72 (1931) p. 109-111. 

A. W. Grabau: The Permian of Mongolia, Am. Mus. Nat. Hist., Natural history of central Asia, 
vol. 4 (1931) p. 432-442. 
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in still other districts may also exhibit cyclic alternations, but detailed 
measured sections from them have not been seen by the writers. 

Although most late Paleozoic cycles that have been described have 
been in the Pennsylvanian system, the Chester series (late Mississippian) 
of the Mississippi valley is a rather regular alternation of marine shales 
and limestones with non-marine sandstones and some thin coals, which 
seem to record depositional cycles similar to those of the Pennsylvanian. 
The Big Blue series (Lower Permian) is known to record regular cycles 
in the mid-continent region.** Thus the period marked by cyclic sedi- 
mentation in the central United States seems to extend from about the 
end of the Meramec, through the Chester, all of the Pennsylvanian, and 
the early Permian, although the exact limits are unknown. In the central 
United States there are about 9 cyclothems in the later Mississippian, 38 
in the Pennsylvanian, and 16 in the early Permian. 

Many types of late Paleozoic sediments have been described as occur- 
ring in cyclic successions. These include conglomerate, sandstone, shale, 
clay, limestone, coal, chert, iron ore, and gypsum. The cyclic strata also 
vary widely in color from light gray or buff to red, green, brown, or 
black. These variations are evidently the result of regional variations in 
climate, relief, types of source rock, rate of subsidence, and other factors. 
In some regions the record of a cycle is largely or wholly in marine sedi- 
ments; in others it is largely or wholly in non-marine sediments, and 
there are all variations between these extremes. 

Weller ** has described a “normal” or “complete” sequence of beds 
composing a cyclothem in western Illinois. However, in many other 
regions this is not the normal or standard succession. Some critics of the 
usefulness of studies of cyclic sedimentation have assumed that the suc- 
cession is not cyclic unless the full sequence described by Weller is found. 
Although any classification of facies of cyclic sediments is more or less 
arbitrary, the discussion may be simplified by grouping them into three 
types, which may be defined as follows: (a) piedmont facies, composed 
wholly or very largely of non-marine sediments, but often including a 
small thickness of marine sediments, (b) delta facies, containing records 
both of non-marine and marine deposition, and (c) neritic facies, con- 
sisting predominantly of marine sediments, though containing some non- 
marine sediments. As each cycle records a wide shift of the strand line, 
the names chosen are not equally appropriate for all parts of the cycle. 


233. M. Jewett: Evidence of cyclic sedimentation in Kansas during the Permian period, Kansas 
Acad. Sci., Tr., vol. 36 (1933) p. 137-140. 
M. K. Elias: Cycles of sedimentation in the Big Blue series of Kansas, [abstract] Geol. Soc. Am., 
Pr. for 1933 (1934) p. 366. 
% J. M. Weller: Cyclic sedimentation in the Pennsylvanian and its significance, Jour. Geol., vol. 38, 
no. 2 (1930) p. 97-135. 
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Ficure 1.—Representative sections of cyclothems of the piedmont facies 
Based on described outcrops. Section A is representative of a semi-arid climate where the sand- 
stones are arkosic, the shales red, and there is no coal or underclay. Sections B-F are representative 
of more humid climates where the sandstones are buff, the shales gray, and there are coals and 
underclays. 
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Thus, an area with piedmont facies of deposition 80 per cent of the time 
may have become neritic for a short time during the climax of a marine 
incursion, or a neritic area may have become part of an exposed delta 
plain during a time of maximum withdrawal of the sea. Each facies is 
subject to variations dependent upon regional climatic differences, depths 
and movements of water, and local physiographic conditions. During the 
course of late Paleozoic cyclic sedimentation, certain areas changed from 
one facies to another, and from one climatic zone to another, so that a 
group of cyclothems of one facies may be overlain by those of different 
facies. The sequence of strata which may typically compose each facies 
will be described, and illustrated by graphic sections of cyclothems 


typical of each. 
PIEDMONT FACIES 


If the piedmont area adjoined a fairly high land mass, as in the south- 
ern Appalachians, the cyclothem is thick and is composed of fairly coarse 
clastics (Fig. 1). From the base up, the usual succession as we have seen 
it is (1) conglomeratic sandstone or arkosic conglomerate, generally with 
a disconformity at its base, grading up into or interlensed with sandstone, 
sandy shale, and sandy underclay or “ganister,” (2) coal, and (3) shale, 
which may be sandy and may have well preserved plant impressions. In 
some places the last named shale grades upward into a sandstone and a 
higher conglomerate, though more generally it is truncated a few feet 
above the coal by the sandstone or conglomerate of the next higher 
cyclothem. In the Appalachian region and in southern Illinois, the con- 
glomerates are composed largely of quartz pebbles, or in part of locally 
derived fragments, but in the Rocky Mountains, which evidently had a 
more arid climate,”® the conglomerates are generally arkosic. The shales 
of the cyclothems of the eastern United States are generally gray or 
buff, locally with dark gray carbonaceous zones, but in the Rocky Moun- 
tains, more reddish colors predominate. The coals were restricted to 
the more humid regions. Cyclothems of this type are to be found in 
southern West Virginia, southeastern Kentucky, Tennessee, Alabama, 
the Narragansett basin, Nova Scotia, southern Oklahoma, and central 
Colorado. 

In regions more remote from high land masses the sandstones and 
shales of the piedmont facies are finer grained, and the thickness of sedi- 
ment composing a cyclothem is less. Cyclothems of this type are found 
in the Pottsville of northern West Virginia and southern Illinois, in the 
Monongahela and Dunkard of Pennsylvania and West Virginia, and in 
the Westphalian coal field of Europe. 


2% David White: Climatic implications of Pennsylvanian flora, Ill. State Geol. Surv., Bull. 60 (1931) 
p. 280-281. 
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Ficure 2.—Representative sections of cyclothems of the delta facies 


Based on described outcrops. In section A, probably formed in a semi-arid region, there is no 
coal, little underclay, and shales are unimportant. Section B is the typical cycle described by Wel- 
ler. Section D, representative of the Chester of the Mississippi Valley, has about equal develop- 
ment of marine and non-marine sediments, but generally there is neither coal nor underclay. Section 
E, in England, strikingly resembles the Illinois and Ohio cycles. 
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DELTA FACIES 


The delta facies (Fig. 2) is most typically developed at a distance of 
a few hundred miles from the higher land masses, in the zone across 
which the strand line migrated more or less continuously. It is quite 
typically developed in western Illinois, and has been thoroughly described 
by Weller.*® It is also well represented in the Pottsville and Allegheny 
of Ohio, Indiana, western Kentucky, southern Iowa, northern Missouri, 
parts of the British coal field, and the Donetz basin of Russia. Modifi- 
cations of this facies in regions which were probably more arid are found 
in the Black Hills of South Dakota, southern Wyoming, southern Colo- 
rado, and northern New Mexico. The total thickness of strata is gen- 
erally less than that of the piedmont facies, and the clastic strata are 
generally of finer average grade size. A common succession, beginning 
at the base, would be as follows: (1) sandstone, fine grained, buff, often 
micaceous, disconformable on underlying strata with a generally flattish 
surface of contact, but locally with steep sided valleys 20 to 400 feet 
below the general surface, interlaminated with sandy shale; (2) sandy 
shale, grading up into clay shale, which may be poorly bedded and may 
contain impressions of fossil plants; (3) nodular impure limestone, gen- 
erally unfossiliferous, probably of non-marine origin; (4) underclay; 
(5) coal; (6) 2? black, hard, fissile shale, containing inarticulate brachio- 
pods, some pelecypods, conodonts, and fish remains; (7) limestone and 
caleareous shale, generally forming one single massive bed of limestone 
one to three feet thick; and (8) clay shale with banded ironstone concre- 
tions, becoming increasingly sandy toward the top, and in some places 
grading up into the basal sandstone of the next overlying cyclothem. 

The succession of the delta facies grades into that of the piedmont 
laterally, with an increase in thickness and coarseness of clastic members, 
and a decrease in thickness and purity of the marine limestones. The 
record of marine incursions passes laterally from limestone to shaly lime- 
stone, calcareous shale, sandy shale, and even to shaly sandstone in the 
piedmont, though most marine incursions failed to extend into the area 
of deposition of the coarser clastics. In a seaward direction the sand- 
stone, sandy shale, and coal, become thin and eventually disappear, as the 
delta grades into the neritic facies. In the more arid western regions, 
fine sandstones may occupy the positions of shales in the more humid 
eastern states. 


26 J. M. Weller: op. cit., p. 102-103. 

27 In some localities lenticular masses of gray shale, from one to fifty feet thick, may intervene 
between the coal and the black shale. The lower part of the gray shale may contain fossil plants 
and the upper part, a few marine invertebrates. The Mazon Creek shale of Illinois, with its well- 
known flora and fauna from ironstone concretions, is a shale in this position. 
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Ficure 3—Representative sections of cyclothems of the neritic facies 

Based on described outcrops. Section A, lacking argillaceous sediments, was probably formed 
under drier climatic conditions than the others. Section B is the typical megacyclothem from the 
mid-continent region, described by Moore. In the more humid regions, represented by columns B-D, 
arenaceous sediments are absent or unimportant, and coals are thin or absent. 
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NERITIC FACIES 


Cyclothems of the neritic facies (Fig. 3) are generally thinner than 
either of the others. The beds are mostly, but not entirely, marine. 
Clastics are very fine grained, and may compose less of the total thick- 
ness than the limestones. If coals are present they are very thin. Lime- 
stones are generally thicker than the clastics, and there may be three 
or four separate limestones in a cyclothem, as described by Moore.”* 
Cyclothems of this facies are found in Kansas and Nebraska, in the 
McLeansboro formation near LaSalle, Illinois, and probably in western 
Texas, central and southern New Mexico, and parts of Idaho. 

The typical sequence of beds composing a cyclothem of the neritic 
facies is as follows, beginning at the base: (1) sandy shale or clay shale, 
generally without marine fossils and with no marked break or a slight 
disconformity at the base; (2) limestone with marine fossils (the 
“lower” limestone described by Moore); (3) shale and clay, poorly 
bedded, the upper part resembling underclay; (4) dense limestone, 
usually in one bed (the “middle” limestone of Moore); (5) black fissile 
shale resembling that above the coal in the delta facies in all respects; 
(6) thick pure light gray marine limestone (the “upper” limestone of 
Moore); (7) gray clay shale, which may contain one or more beds of 
limestone, somewhat thinner than the “upper” beds. As the typical 
succession of predominantly marine facies in central Kansas may include 
four separate marine limestones, beds (2), (4), (6), and a bed in (7), 
Moore has recently suggested that the sequence described above is a 
megacyclothem, and that it is composed of four separate cyclothems.*® 

“Whereas shales are abundant in the cyclothems of the eastern part of 
the United States, in the Rocky Mountain states marine limestones may 
follow abruptly after arkoses, or, as in Utah,®° after dense fine-grained 
quartzitic sandstones. The scarcity of shales in that region suggests a 
predominance of physical disintegration over chemical decomposition. 
The fine white sandstones of the Oquirrh Mountains bear some resem- 
blance to sands now found on the continental shelf off the eastern United 
States. 

INTERPRETATIONS OF CYCLIC SEDIMENTS 


GENERAL STATEMENT 


The interpretation of the movements which led to the accumulation of 
cyclic successions of sediments depends in part upon the environments 


%R. C. Moore: Pennsylvanian cycles in the northern mid-continent region, Ill. State Geol. Surv., 
Bull. 60 (1931) p. 251-253. 

2R. C. Moore: Correlation in phases in sedimentation cycles in Pennsylvanian and “Permian” 
rocks of Kansas, Geol. Soc. Am., Pr. for 1934 (1935) p. 100. 

% James Gilluly: Geology and ore deposits of the Stockton and Fairfield quadrangles, U. S. Geol. 
Surv., Prof. Pap. 173 (1932) p. 27-28. 
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of origin which are postulated for the various sediments composing the 
succession. It is granted by most students that coals are non-marine in 
origin, but that the limestones and shales which contain marine inverte- 
brates are marine in origin. Some students have attributed a marine 
origin to most of the sandstones, underclays, and unfossiliferous shales, 
but others have considered them to be fluviatile, deltaic, or eolian. The 
two principal types of hypotheses which have been advanced are (1) 
that cyclic sedimentation records intermittent subsidence, contempora- 
neous with and followed by sedimentation, then renewed subsidence, and 
(2) that it records diastrophic movements alternating between subsidence 
and uplift. 
HYPOTHESIS OF INTERMITTENT SUBSIDENCE 

Stout has interpreted the cyclic sediments as records of periodic 
regional subsidence of the basin of deposition after the formation of the 
coal beds, the subsidence being checked after the limestone and shale 
had been formed over the coal. The sandstone and sandy shale are then 
thought to have filled the basin gradually until the formation of the 
underclay of the next coal, when it was again above sea level. This 
was followed by coal deposition and renewed subsidence.** 

Cady has advocated a similar interpretation for the cyclic succession, 
except that he believes the subsiding basin may have become filled with 
sediment up to sea level by the time shale deposition ceased, and the 
overlying disconformable sandstone may have accumulated under non- 
marine conditions.*” 


HYPOTHESIS OF ALTERNATE SUBSIDENCE AND UPLIFT 


Weller has been impressed with the evidence of subaerial erosion at 
the base of channel sandstones, and has formulated an hypothesis of a 
succession of diastrophic changes which might explain the cyclic sedi- 
ments.** He begins the cycle with a period of rejuvenation of the source 
areas, and emergence, but less pronounced uplift, of contiguous deposi- 
tional basins. First, stream valleys were cut across the newly exposed 
sediment, then gradual subsidence of the depositional basin effected a 
filling of the channels with sand or silt. With more marked subsidence 
of the source area, less and less sediment was brought into the adjacent 
basins, eventuating in a stable surface slightly above the water table. This 
was somewhat altered by soil-forming processes which produced an 
‘underclay. With further subsidence, a coal swamp developed above this 


&1 Wilber Stout: Pennsylvanian cycles in Ohio, Ill. State Geol. Surv., Bull. 60 (1931) p. 204-205, 
209-212. 

2G. H. Cady: Alternative interpretation of the subdivision of the Pennsylvanian series in the 
Eastern Interior province, [abstract] Geol. Soc. Am., Pr. for 1933 (1934) p. 71. 

33 J, M. Weller: Cyclical sedimentation of the Pennsylvanian period and its significance, Jour. Geol., 
vol. 38 (1930) p. 110-135. 
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clay. Still later subsidence admitted the sea, as recorded by marine 
black shales, followed by marine limestones. The close of limestone 
deposition marked a cessation of subsidence, and the source area was first 
elevated, yielding its soil mantle to form a clay shale, at first in marine 
and later in brackish waters. The cycle was terminated by the re-eleva- 
tion of the depositional basin and greater uplift of the source area. 


OBJECTIONS TO THESE HYPOTHESES 


According to Stout’s statement of the hypothesis of intermittent sub- 
sidence, all sediments except the coal and underclay are marine. He 
placed the maximum marine submergence at about the top of the shales 
overlying the limestones, or at the base of the sandstones. However, 
there are reasons to believe that at least the sandstones are non-marine 
and that their deposition was preceded by an emergent condition. The 
sandstones are generally separated from the underlying shales by a plane 
of disconformity, and commonly by an erosional unconformity. They 
differ from the marine formations in their more lenticular bedding, in 
their widely variable thickness, in the dendritic pattern of the channel 
sandstones, in a lack of marine fossils, in their abundance of carbona- 
ceous matter especially where they are fine grained, and in their lack of 
ironstone concretions, such as are generally present in the shales. 

Cady’s version of the intermittent subsidence hypothesis represents an 
advance on that of Stout in that it recognizes the non-marine character 
of at least part of the sandstones. However, if the cyclic sediments 
record merely periodic downwarping followed by basin filling, one may 
wonder why the Pennsylvanian period was marked by such frequent 
changes in sedimentary facies, and so many and such widespread alterna- 
tions between marine and non-marine conditions, whereas the earlier 
Paleozoic sediments record much more uniform conditions of sedimen- 
tation. The definitely eroded character of some of the channels in which 
sandstone occurs implies a real emergence of the areas involved, rather 
than the flowing of rivers across a plain built to sea level by deposition. 
The very wide geographic extent of many thin layers, both marine and 
non-marine, suggests that changes in sedimentary facies were more simul- 
taneous than would be expected in a simple subsiding basin. However, 
the writers believe that subsidence was a factor contributing toward the 
development of the observed conditions. 

Some of the foregoing objections to the intermittent subsidence 
hypothesis have been recognized by Weller in his hypothesis of alter- 
nate subsidence and uplift. On the other hand, Cady ** has called 
attention to the seeming inconsistency of Weller’s hypothesis of alternate 


% G. H. Cady: op. cit. 
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subsidence and uplift, that an area whose dominant movement is of 
subsidence should have frequent reversals of movement. He also noted 
that if such a system of movements did occur, it would be unlikely that 
each subsidence should exceed the preceding uplift in degree. Savage also 
called attention to these points.** To these objections the authors of this 
paper believe the following should be added: 

(1) The repeated association of moderate uplifts in the interior basins 
with major uplifts of the source areas, and of moderate sinking of the 
basins with major sinking of the source areas, is suggestive of the 
rhythmie operation of some modern machine and quite contrary to what 
is revealed from studies of diastrophic movements. 

(2) The same machine-like movements must have affected simul- 
taneously a large part of North America, Europe, and very likely other 
parts of the world. 

(3) It might be supposed that such pulsating diastrophic movements 
would have caused much wrinkling of the surface of the depositional 
basins, but their essential flatness is attested by the tracing of thin 
marine limestones, coals, and underclays for great distances. However, 
in some parts of the depositional basins there are evidences of pronounced 
local warping during the deposition of the Pennsylvanian sediments. 
The Duquoin anticline of southern Illinois ** shows evidence of such local 
warping contemporary with sedimentation, as it separates an area of 
comparatively thin Pennsylvanian on the west from a basin with a much 
thicker section to the east. The sediments on the two sides of the anti- 
cline belong to different facies which had different rates of accumulation, 
both influenced by the warping, but there is cyclic sedimentation in both 
areas, and the same cyclothems can be traced from one area to the other. 
The sedimentary record reveals periodic or steady downwarping of the 
basin east of the anticline, or elevation of the anticline and the area to 
the west, and the parallel record of the cyclic fluctuation of both areas 
between marine conditions, non-marine conditions, and those suitable for 
coal formation. 


HYPOTHESIS OF SEA-LEVEL FLUCTUATIONS 
GENERAL STATEMENT 


The emergence and submergence of a land mass may be due either to 
movements of the land or to changes of sea level. Earth movements 
appear to be inadequate to explain the peculiar sedimentary cycles under 


%T. E. Savage: Sedimentary cycles in the Pennsylvanian strata, Am. Jour. Sci., 5th ser., vol. 20 
(1930) p. 125-135. 
3%. G. Henbest: Pre-Pennsylvanian surface west of the Duquoin anticline, Ill. State Acad. Sci., 
Tr., vol. 20 (1928) p. 265-268, figs. 2, 3. 
D. J. Fisher: Structure of Herrin (No. 6) coal seam near Duquoin, Illinois, Til. State Geol. Surv., 
Rept. of Investigations no. 5 (1925) 34 pages. 
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consideration. It remains to determine whether sea level fluctuation 
acting on a subsiding basin is a more likely explanation. 


ADVANTAGES OF THIS INTERPRETATION 


The authors favor the interpretation of a more or less continuous sub- 
sidence of the sedimentation basin, resulting, at least in part, from the 
weight of the accumulating sediment. If, in addition to this progressive 
movement, the sea level was rising and falling somewhat rhythmically, 
the alternation between marine and non-marine formations could be 
explained without a reversal of the progressive subsidence. This pos- 
sibility was considered by Weller, but was discarded.*7 The wide- 
spread distribution of individual beds and of cyclothems is understand- 
able under this hypothesis. Also the finding of cycles of the same age 
over so much of the world is no longer an objection. 


CAUSES OF SEA-LEVEL FLUCTUATIONS 


General statement.—Sea level fluctuation to be applicable as an ex- 
planation of the cycles must explain the more or less rhythmic alterna- 
tions of rising and falling level, and must allow for changes of at least 
several hundred feet. Causes for oscillation include (1) warping of the 
sea floor or change in size of the basins, (2) variation in atmospheric 
moisture content, and (3) storing of ocean water on land in the form 
of continental glaciers or even as interior seas and lakes. 


Diastrophism.—Downwarping of any part of the ocean floor or widen- 
ing of the basins would withdraw water from the shallow seas of the 
earth, and upwarping or narrowing of the basins would cause the exten- 
sion of the epi-continental seas. Of course a downwarping of one portion 
of the ocean basins might be accompanied by an equivalent upwarping 
of another portion, in which case there would be no change in sea level. 
On the other hand if the sinking of an ocean segment were accompanied 
by a rise of a segment on the continents, the sea level would be changed. 
Movements on the continents alone would not affect the sea level, except 
as they might make changes in the epi-continental seas which would be 
a slight factor in sea level change. Also the movement would have to 
involve an immense volume. For example the downward movement of 
a million square miles of surface to the extent of a thousand feet would 
produce only about seven feet of change in sea level. Furthermore it is 
hard to conceive of a rhythmic rise and fall of the necessary enormous 
volumes at more or less regular intervals. 


37 J. M. Weller: Sedimentary cycles in the Pennsylvanian strata: a reply, Am. Jour. Sci., 5th ser., 
vol. 21 (1931) p. 324. 
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Atmospheric moisture—The capacity of the air to hold moisture varies 
with temperature. Somewhat rhythmic changes in temperature are con- 
ceivable in view of the evidence of such changes during the Quaternary. 
On the other hand, rough calculations ** suggest that a world rise in 
temperature of 10° C. would cause a lowering of the sea level of about 
one foot. It seems improbable that there would have been much greater 
temperature fluctuation. 


Glacial control.—The formation of continental glaciers appears to be 
an adequate cause of the lowering of sea level to the amounts required. 
It is estimated that the melting of the present Antarctic and Greenland 
ice caps would cause a rise in sea level of from 150 to 200 feet.2® A 
series of benches or terraces above sea level, some of which are thinly 
mantled with marine sediments, have been found along most coasts of the 
world.*° Some disagreement has been voiced by Johnson *! and other 
writers as to the exactness of these levels, or as to the authenticity of some 
of them as marine benches, but there seems to be little doubt of the almost 
universal presence of marine terraces up to at least 200 feet above the 
present strand. The melting of the Antarctic and Greenland ice caps dur- 
ing interglacial epochs would bring the sea level up to these terraces. 

The maximum glaciation in the Quaternary is estimated by Daly 4? to 
have lowered the sea level an additional 280 feet, and an even greater 
lowering was suggested by Ramsay.** Shepard has found that there are 
extensive flats on the outer portions of the continental shelves mostly from 
100 to 300 feet below sea level. Some of these appear to be deltas built 
at sea level by rivers during the Wisconsin ice epoch,** and others are 
probably best interpreted as wave-cut benches. Flat benches at the same 
level were reported recently from the Hawaiian Islands.** With extreme 


38 An increase in average atmospheric temperature from 20° to 30° C. would permit each cubic 
meter of air to hold 13 grams more of water. The entire atmosphere, with such a change in tem- 
perature, would take up 26,000 cubic miles of water from the ocean, which would lower the sea 
level about one foot. These calculations err in that only the lower half mile or mile of the atmos- 
phere would change from 20° to 30°. The temperature of the upper part of the atmosphere would 
be lower, and less moisture would be absorbed, making the total lowering of sea level considerably 
less than one foot. 

% R. A. Daly: The changing world of the ice age (1934) p. 182. Yale University Press, New Haven. 

40 Ernst Antevs: Quaternary marine terraces in nonglaciated regions and changes of level of sea and 
land, Am. Jour. Sci., 5th ser., vol. 17 (1929) p. 43. 

C. Wythe Cooke: Correlation of coastal terraces, Jour. Geol., vol. 38 (1930) p. 577-589. 
C. K. Wentworth: Eustatic bench of islands of the north Pacific, Geol. Soc. Am., Bull., vol. 36 
(1925) p. 521-544. 

41D. W. Johnson: Physiography of the Atlantic coast of North America, Intern. Geog. Congr., Pr. 
(1925) p. 85-100. 

42R, A. Daly: op. cit. 

48 W. Ramsay: Changes of sea level resulting from the increase and decrease of glaciation, Fennia, 
vol. 52, no. 5 (1930). 

4 F. P. Shepard: Significance of submerged deltas in the interpretation of the continental shelves, 
Geol. Soc. Am., Bull., vol. 39 (1928) p. 1161-1167. 

45H. T. Stearns: Pleistocene shore lines on the islands of Oahu and Maui, [abstract] Geol. Soc. 
Am., Pr. for 1934 (1935) p. 109, 
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conservatism we may use a figure of 450 feet as the range between the 
lowest sea levels of Pleistocene glacial stages and the highest of inter- 
glacial stages. 

With the broad, flat basins of the late Paleozoic, a lowering to this de- 
gree would have been sufficient to account for extensive withdrawal of the 
sea. Provided it can be shown that this portion of the late Paleozoic was 
a time of widespread glaciation, such an explanation of the changing sea 
levels seems highly appropriate and the more so because glaciers as we 
know them from the Pleistocene had a somewhat rhythmic advance and 
retreat, producing glacial and interglacial epochs. 

Sedimentary evidences of sea level fluctuation during the Pleistocene 
included (1) peat deposits on the present shallow sea bottom,** (2) buried 
forests on the present shallow sea bottom,*’ and (3) fossiliferous marine 
sediments exposed on coastal plain terraces.** If material of various de- 
grees of coarseness is carried into the ocean either by rivers or by waves, 
the coarse material is ordinarily not carried very far from shore since the 
waves and currents are more effective in the shallow water near shore and 
the salt water tends to precipitate all except the very finest sediment. If 
currents are unusually strong the coarse will be carried out but so will 
the fine. Accordingly, it is significant that the sediments of the con- 
tinental shelves are not graded outward from coarse to fine except locally.** 
The abundance of coarse material, especially sand, on the outer part of 
the shelves, even off large rivers, appears to be the result of deposition dur- 
ing a glacial epoch when the sea level was lower. Since the post-glacial 
rise, the currents have prevented covering of this coarse sediment in many 
places. The significance of this coarse sediment in relation to the study 
of cycles is that it suggests that during a glacial epoch, which is a time of 
low sea level, the streams carry coarser debris. The present streams 
clearly are not contributing as coarse material, so that past conditions 
must have been different. 

Borings on certain slowly subsiding delta or coastal plain areas have 
disclosed sequences of strata including peats, alternating with sands and 
gravels, which may be terrestrial, and marls or marine clays, revealing 
sequences quite comparable with the cycles of sedimentation of the late 
Paleozoic. Such sequences have been noted from the Zuyder Zee, the 


46H. Godwin: Pollen analysis, Part 11, The New Phytologist, vol. 33 (1934) p. 340-342, 

47 J. J. Stevenson: The formation of coal beds, Am. Philos. Soc., Pr., vol. 50 (1911) p. 626-643. 

48 Paul MacClintock and H. G. Richards: Correlation of marine and glacial Pleistocene deposits of 
the middle Atlantic seaboard, [abstract] Geol. Soc. Am., Pr. for 1934 (1935) p. 93. 

49F. P. Shepard: Sediments of the continental shelves, Geol. Soc. Am., Bull., vol. 43 (1932) p. 
1017-1039. 

50 J. J. Stevenson: The formation of coal beds, Part II, Am. Philos. Soc., Pr., vol. 50 (1911) p. 
215-218. 
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Po Valley of northern Italy,** the Ganges delta near Calcutta,®? and the 
Gulf Coastal Plain of Texas.5* As the present is a period of compara- 
tively high sea level, the Pleistocene sequences under present land areas 
should belong largely to the piedmont and delta facies, the neritic facies 
lying under the present shallow sea bottom. 


LATE-PALEOZOIC GLACIATION 
EXTENT 


Tillites, associated varve slates, and other glacial deposits from the late 
Paleozoic have been described from various parts of the earth.** Of the 
foregoing areas, Africa, India, Australia, and South America had exten- 
sive continental glaciers, but the other areas may have had more local ice 
caps or mountain glaciers. A map of the supposed extent of these glaciers 
has been published.**> There have also been doubtful reports of late 
Paleozoic glacial deposits in Nova Scotia, Oklahoma, California, Alaska, 
England, France, and Germany. Evidence of glaciers in areas now cov- 
ered by ocean waters is provided in the record that glaciers reached Aus- 
tralia from the south, and in the intense glaciation of the Falkland islands 
in the south Atlantic. 

The exact extent of the late Paleozoic glaciers can never be found be- 
cause most of the glacial deposits, striated surfaces, and other evidence, 
must have been removed just as most of the Pleistocene glacial evidence 
will probably be worn away or deeply buried below the surface two hun- 
dred million years from now. However, the finding of remnants of glacia- 
tion over so much of the earth’s surface and particularly in low latitudes 
suggests that larger areas were covered by ice in the late Paleozoic than 
during any part of the Pleistocene. The low latitude glaciation has been 
explained by Wegener and others °° as the result of the former concen- 
tration of the southern hemisphere lands around the South Pole. This 
explanation, however, does not seem necessary. During the Pleistocene 
the southern hemisphere was glaciated as far north as 37° §., in Austra- 
lia.5? During the Permo-Carboniferous, supposed land bridges near the 


51J. J. Stevenson: The formation of coal beds, Part III, Am. Philos. Soc., Pr., vol. 51 (1912) p. 


543-544. 
52 Op. cit., p. 537-539. 
83%. W. Brucks: Buckeye field, Matagorda County, Texas, Am. Assoc. Petr. Geol., Bull., vol. 19 
(1935) p. 386-387, fig. 2. 
5 The best summary descriptions are in: 
A. P. Coleman: Ice ages, past and present (1929). 
Charles Schuchert: Review of the late Paleozoic formations and faunas, with special reference 
to the ice age of Middle Permian time, Geol. Soc. Am., Bull., vol. 39 (1928) p. 769-886. 
5 Bailey Willis: Isthmian links, Geol. Soc. Am., Bull., vol. 43 (1932) p. 952. 
56. A. Wegener: The origin of oe and oceans (1922) p. 90-111, figs. 17, 18. 
A. L. Du Toit: A geol parison of South Africa and South America, Carnegie Inst. 


Washington, Publ. no. 381 (1927) p. 109-117. 
87 Ernst Antevs: Maps of the Pleistocene glaciation, Geol. Soc. Am., Bull., vol. 40 (1929) p. 694-696. 
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equator across the south Atlantic, which have been discussed recently by 
Willis,°® may have stopped the circulation of the warm equatorial waters 
in that southern ocean and great ice packs from an enlarged Antarctica 
may have extended well into equatorial regions, chilling the atmosphere 
in these low latitudes.*® 


AGE AND DURATION 


The authors’ interest in this glacial control hypothesis for explaining 
cyclic sediments was aroused by statements made by A. L. Du Toit ® at 
the 16th International Geological Congress. He stated that his studies 
had shown the late Paleozoic glaciation to have begun during the Middle 
Carboniferous, continued through the Later Carboniferous and ended 
during the Early or Middle Permian. Formerly, the authors had sup- 
posed the glaciation to have been Early Middle Permian in age.” If it 
were Middle Permian, it would have followed the period of cyclic sedi- 
mentation and been quite unrelated to it. The assignment of the same 
age and duration to the glaciation as to the late Paleozoic cyclic sedimen- 
tation suggested at once a correlation between these two sets of con- 
ditions. 

A study of the literature revealed that the tillites almost everywhere 
rested on rocks older than the later Mississippian, that guide fossils were 
not abundant in the tillite nor in sediments intercalated between the 
tillites, and that most correlations had been based on the discovery of 
well-established Permian invertebrates in strata overlying the tillites. 
Under these conditions it is entirely natural that different students should 
have drawn different conclusions from the available evidence. Thus, 
Coleman,®* Du Toit,®* David and Siissmilch,** and Fox® have called the 
glaciation largely Carboniferous, but Schuchert, Howchin © and others 
have considered that it is limited to the Permian. 

The present authors cannot contribute original evidence in support of 
either age determination, nor is it the purpose of this paper to present a 
long review of previous discussions. Briefly, the following arguments 


58 Bailey Willis: op. cit., p. 930-938. 

5° The effect of an ice pack, thought to have extended well south in the north Atlantic during 
the Pleistocene, is discussed by G. C. Simpson: World climate during the Quaternary period, Royal 
Meteorol. Soc., Quart. Jour., vol. 60 (1934) p. 433-446. 

A. L. Du Toit: Division of late Paleozoic in Gondwanaland, 16th Intern. Geol. Congr., Prelim. 
list of abstracts (1933) p. 27. 

61 Charles Schuchert: op. cit. 

62 A. P. Coleman: op. cit. 

6A. L. Du Toit: The Carboniferous glaciation of South Africa, Geol. Soc. S. Afr., Tr., vol. 24 
(1921) p. 188-227. 

«T, W. E. David and C. A. Siissmilch: Upper Paleozoic glaciations of Australia, Geol. Soc. Am., 
Bull., vol. 42 (1931) p. 481-522. 

®C. 8. Fox: The Gondwana system and related formations, Geol. Surv. India, Mem., vol. 58 
(1933). 
6 Walter Howchin: The geology of South Australia (1915) p. 396-418. 
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have been advanced by those who favor Permian age for the glaciation: 

(1) In South America and Africa, the tillites are intercalated with 
strata bearing a Gangamopteris flora, regarded as of Early to Middle 
Permian age. 

(2) In India the tillites are overlain by or intercalated with strata 
carrying the marine pelecypod Eurydesma, considered of early Permian 
age. In India these strata, the Punjabian series, are overlain by the 
Productus limestone with a fusulinid-bearing fauna of late Early to early 
Middle Permian age. 

(3) The opinion has been expressed by David White and others that 
the Cosmopolitan Coal Measures flora of North America and Europe lived 
under warm temperate to semitropical conditions. 

(4) The opinion has been expressed that the great geographic extent 
and long duration of American Pennsylvanian and Early Permian marine 
invertebrates indicates remoteness both in space and time from glacial 
conditions. 

In opposition to this view the following arguments have been advanced 
by those who favor a Carboniferous and Permian age for the glaciation 
rather than a glacial period restricted to the Permian: 

(1) In Australia, the Seaham glacial beds of the Kuttung series have 
intimately associated with them strata containing the genus Rhacopteris, 
which is known to be of Middle Carboniferous age. 

(2) The Gangamopteris-Glossopteris flora has been regarded by some ®* 
as having originated and become widespread in the southern hemisphere 
during the same time that the Coal Measures flora was widespread in 
North America and Europe, rather than at a later time. 

(3) If the tillites are of Middle Permian age, there is no record of the 
Upper Carboniferous (Pennsylvanian) in Australia, Africa, India, or 
southern South America. 

(4) There are coal beds fairly intimately associated with tillites and 
therefore probably formed in cool temperate climates in southern China, 
peninsular India, South Africa, New South Wales, and Argentina. 

Commenting on these divergent opinions, we may note: 

(1) that there are no other non-glacial beds of Pennsylvanian or Later 
Mississippian age underlying the tillites, to substantiate their 
Permian age; 

(2) if the glaciation were repeated several times, one would expect 
the last glacier to obscure or destroy the evidences of earlier 
glaciation; 


€C. A. Siissmilch: Geology of New South Wales (1922) p. 83-92. 
Charles Schuchert: The Australian late Paleozoic glaciation, Am. Jour. Sci., 5th ser., vol 23 (1932) 


p. 540-548. 
A. C. Seward: The later records of plant life, Geol. Soc. London, Quart. Jour., vol. 80 (1924) 


p. Ixi-xevii. 
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the Fusulinids, which aid in dating the Productus limestone of 
India as Middle or Upper Permian, do not occur interbedded 
with, or beneath the tillites, and according to the reports of the 
Geological Survey of India, there is an important unconformity 
between these two formations, though Schuchert considers them 
to form an uninterrupted depositional series; 

(4) the opinion that the climate of Coal Measures time in North 
America and Europe was tropical or subtropical has been based 
upon evidence such as the following: 


(a) the large size of Pennsylvanian insects 

(b) the climacteric development and wide distribution of large 
benthonic Foraminifera of the Fusulinid group 

(c) the cosmopolitan character of land floras and marine faunas 

(d) many structural features of the luxuriant and abundantly 
preserved Coal Measures plants 

(e) the long duration, with slight changes, of both faunas and 
floras, a condition sometimes described as stagnation of 
evolution. 


Giles” has discussed all of these evidences, and shows that entirely 
different interpretations may be made of many of them. 

The duration of late Palezoic glaciation is unknown. It has been sug- 
gested by Du Toit ™ that the glacial maxima in the various regions were 
not contemporaneous. He suggested that glaciation may have started in 
New South Wales, then affected in succession Argentina, South Africa, 
western Australia, and Tasmania, and India during the later Carbonifer- 
ous, and New South Wales, Bolivia and the Congo during the early Per- 
mian. There are several descriptions of interglacial deposits, which show 
that even local areas were repeatedly glaciated. 

Evidence of long duration of the glaciation is also provided in the ex- 
ceptional thickness of the tillites, which are locally 1000 feet thick in 
Australia and South Africa. No search appears to have been made for 
weathered zones in the tillites, such as those which have been used to dif- 
ferentiate the Pleistocene tills of the central United States.”? 


®C. O. Dunbar: Was there Pennsylvanian-Permian glaciation in the Arbuckle and Wichita 


Mountains of Oklah ? Am. Jour. Sci., 5th ser., vol. 8 (1924) p. 241-248. 
7 A. W. Giles: Pennsylvanian climates and paleontology, Am. Assoc. Petr. Geol., Bull., vol. 14 (1930) 
p. 1279-1299. 


7A. L. Du Toit: A geological comparison of South America with South Africa, Carnegie Inst. 
Washington, Pub. no. 381 (1927) p. 103. 
72G. F. Kay: Classification and duration of the Pleistocene period, Geol. Soc. Am., Bull., vol. 42 
(1931) p. 425-466. 
M. M. Leighton and Paul MacClintock: Weathered zones of the drift sheets of Illinois, Jour. 
Geol., vol. 38 (1930) p. 28-53. 
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In a recent paper Chamberlin ™* suggested that the epochs of glaciation 
during the Permo-Carboniferous may have been associated with what 
he calls the three major diastrophic epochs, namely, the Culmide, the 
Asturian, and the Saalian. If glaciation of the extensive type recog- 
nized during the Permo-Carboniferous had been confined to these three 
episodes, one should find three major stratigraphic breaks when the sea 
had withdrawn for extensive periods. Instead of this one finds, as has 
been pointed out, a large number of breaks extending all the way through 
from the middle of the Mississippian to the middle of the Permian. The 
natural conclusion is that the glaciation recurred periodically throughout 
this time. This conclusion is in keeping with the evidence of glaciation 
during the Pleistocene, when there was a series of epochs which are sepa- 
rated by mu:h shorter intervals than those between the Culmide, Asturian, 
and Saalian diastrophic epochs, to which Chamberlin refers. Also it is 
quite certain that diastrophic revolutions did not precede each of the 
Pleistocene glacial epochs. 


CLIMATIC CYCLES 
RELATION TO LATE-PALEOZOIC CYCLIC SEDIMENTS 


If the cyclic sediments are contemporary with the late Paleozoic tillites, 
glaciation of distant parts of the earth might cause alternate rise of the 
sea level, with the attendant flooding of extensive lowland plains, followed 
by the lowering of sea level, and the re-exposure of such plains. Insofar 
as the cycle consists of a simple alternation of marine and non-marine 
sediments, it may be explained by this cause alone. However, in regions 
with the piedmont facies, sediments deposited wholly or largely under 
non-marine conditions show striking variation in texture, color, or other 
characteristics. Such regions would not have been influenced by changes 
in sea level, so the observed variations must record either diastrophic 
movements or climatic changes. The great extent of many thin non- 
marine units is opposed to their interpretation as records of local diastro- 
phic movements. Also, it has been possible to correla. certain strata 
common to the piedmont and the delta facies, and to determine that cycles 
of the two facies were contemporaneous and of equal duration. The shales 
and sandy shales of the piedmont facies are equivalent to the calcareous 
shales and limestones of the delta and neritic facies. 

It is now desirable to see whether climatic changes might be respon- 
sible for the lithologic variations from conglomerate to sandstone, clay, 
or shale in areas of non-marine sedimentation. It seems probable that 
erosion of source areas would have been affected by variations in hu- 


73 R. T. Chamberlin: Certain aspects of geological classificati and correlations, Science, n. s., vol. 
81 (1935) p. 183-190, 216-218. 
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midity and consequent variations in the mantle of vegetation and in the 
concentration of rainfall. It remains to determine whether such changes 
were related to the glacial epochs. Some information bearing on this 
problem may be gained from the study of the erosion and deposition in 
nonglaciated regions during the Pleistocene. 


INFLUENCE OF GLACIAL EPOCHS ON CLIMATE IN NON-GLACIATED AREAS 


Pleistocene evidence—Much evidence has accumulated which indicates 
that during the Pleistocene the climate of non-glaciated areas varied suffi- 
ciently to produce important changes in sedimentation. These records 
should be considered before investigating the climatic affects of the more 
ancient glacial period. As an example of what happened in recent times, 
the following statement is quoted from a study of Pleistocene river ter- 
races and their sediments in the southwestern United States.** 


“During a relatively humid period the flow of the streams would be increased. 
At the same time there would be more vegetation in and near the mountains and a 
lower limit of timber, and hence less erosion of the mountain slopes and less mate- 
rial contributed to the streams. Therefore, the streams would erode, especially in 
the soft materials of the alluvial basin. The trenching would be most rapid at the 
beginning of the humid period and would gradually decrease with lowering gradient. 
Later the streams would tend to widen their channels, especially in the lower parts 
of their courses. With change to more arid conditions the vegetation would 
decrease, the lower edge of the timber would retreat upward, and the partial loss of 
the protective mat of vegetation would permit increased erosion of the upland slopes. 
With increase in load and decrease in the volume of water the streams would be 
unable to transport all the material supplied to them, and would aggrade, especially 
in the arid alluvial basin. Thus the almost continuous downcutting of the streams 
in the mountains and the alternate periods of erosion and sedimentation by the 
streams in and near the alluvial basin may well have been the result of climatic 
change. 

The five stages of downcutting by the streams after the completion of the Llano 
Estacado may perhaps be correlated with the five glacial stages recognized in the 
United States... .” 


Other terraces correlated with Pleistocene climatic changes have been 
described from the Colorado River and elsewhere in the southwest.’® 
basin of Persia, there are alternations of subaerial gravels and red beds 
which he assigns to arid interglacial epochs. In the desert basin of Lop- 
Sedimentary records of Pleistocene climatic cycles have been described by 
Huntington from several parts of the interior of Asia.7” In the Seyistan 


% A. G. Fiedler and S. S. Nye: Geology and ground-water resources of the Roswell artesian basin, 
New Merzico, U. 8. Geol. Surv., W. S. Pap. 639 (1933) p. 111. 

% Eliot Blackwelder: Terraces along the lower course of the Colorado River, [abstract] Geol. 
Soc. Am., Pr. for 1933 (1934) p. 66-67. 

7 Elisworth Huntington: The climatic factor as illustrated in arid America, Carnegie Inst. Wash- 
ington, Pub. no. 192 (1914) 341 pages. 

7 Ellsworth Huntington: Some characteristics of the glacial period in non-glaciated regions, Geol. 
Soc. Am., Bull., vol. 18 (1907) p. 351-388. 
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Nor, in Chinese Turkestan, there are similar cyclic alternations between 
red terrestrial sediments and light colored saline clays. Unconformities 
are not uncommon beneath the subaerial beds. In the basin of Turfan, 
in Chinese Turkestan, a region where the effects of climatic change have 
been modified by recent diastrophism, there are recorded, nevertheless, 
regularly recurrent alternations of terrestrial carbonaceous clay and 
lignite with white lacustrine clays. Huntington mentions the similarity 
of such successions to those of Paleozoic coal measures. 

It is apparent from the foregoing examples that there were widespread 
climatic changes during the Pleistocene outside the glaciated areas, that 
these had a pronounced influence on erosion and sedimentation, and that 
different types of sedimentary sequences record different climatic and 
topographic conditions. The effect of the formation of an ice sheet on 
the humidity of non-glaciated regions would not be the same everywhere. 
Areas near the glacier border would tend to be more humid, while more 
remote areas would probably be more arid. 


INFERENCES REGARDING THE LATE-PALEOZOIC GLACIAL CLIMATES 


If the cycles of sedimnentation of the Late Paleozoic have been correctly 
referred to the waxing and waning of the large ice masses in the southern 
hemisphere, it might be supposed that, as in the Pleistocene, there would 
have been climatic changes in the unglaciated regions. Since the glaciers 
were located, for the most part, at a great distance from the areas from 
which the cyclic sedimentation has been reported, the climatic effects may 
have been somewhat different from those of regions adjacent to the glaci- 
ated tracts described for the Pleistocene. The following letter written to 
Shepard gives the opinion of Prof. C. F. Brooks, director of the Blue Hill 
Meteorological Observatory, bearing on this matter: “Extensive ice sheets 
in the southern hemisphere should tend to speed up the entire circulation 
of the atmosphere and of the oceans. This would lead to a lower tem- 
perature of the surface of the sea and lower vapor content of the atmos- 
phere. It would also be adverse to the development of continental vs. 
marine winds. So far as the interior of North America is concerned, the 
stronger circulation would mean more of the westerly winds and more 
lows, but, owing to their more rapid movement across the country, there 
would be less indraft of humid air from the Gulf of Mexico. Also, with 
the subordination of continental vs. marine air circulations, the summer 
indraft of warm air and vapor from the Gulf would probably be less devel- 
oped. On the whole, then, I should expect less humid conditions in the 
interior of the United States.” 

A very important indirect climatic effect of glaciation must have been 
the restriction of the inland seas. The results of this should have been 
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the production of a more continental type of climate with greater aridity, 
more concentrated rainfall, and greater extremes of temperature. 

Superimposed on the other effects would probably have been a lowered 
world temperature, like that which is inferred for the Pleistocene glacial 
epochs. The aridity, the cold, and the temperature extremes would have 
tended to reduce the vegetation on the upland source areas. As a result 
these areas would have been subjected to more mechanical rock disintegra- 
tion, particularly frost action, and to greatly increased erosion. Con- 
centrated rainfall which characterizes semi-arid regions might have in- 
creased erosion still further so that great quantities of detritus should 
have been washed from the mountains. In some areas the glacial epochs 
may have increased precipitation, but this should be expected partic- 
ularly in the southern hemisphere near the glacial centers. 

EVIDENCE FOR COOL, SEMI-ARID GLACIAL EPOCHS 

Clear evidence that the inferred conditions for the glacial epochs did 
actually exist is found from studies of the coarse sandstones, arkoses, 
and conglomerates which occur particularly in the piedmont facies. 
These formations appear to be great fans spread out at the base of the 
uplands. They indicate increased erosion and less chemical decay of the 
rocks. The aridity was certainly more pronounced in the western areas 
than in the east, since the western clastics contain more arkose and are 
more commonly red. Furthermore, beds of gypsum are found inter- 
calated with the clastics. 

‘ EVIDENCE FOR MOIST, WARM INTERGLACIAL EPOCHS 

The finer sediments of the piedmont which are interbedded with the 
coarser clastics imply that the upland surfaces were covered with vegeta- 
tion during the interglacial epochs. Evidence for this upland vegetation 
has been found by Elias ** who discovered such forms as Walchia in the 
upper Pennsylvanian of Kansas and the Westphalian of western Europe. 

David White *® summarized the evidence from the morphology of the 
Coal Measures plants showing that the climate was warm and humid, but 
most of the plant-bearing horizons are shales overlying coals, formed dur- 
ing supposed interglacial periods of higher temperature and humidity. 


PERIODICITY AND CAUSES 

Variations in the amount of atmospheric dust, in the carbon dioxide 
content of the atmosphere, in the form and relief of the continents, and 
in the circulation of deep ocean currents have been suggested as the cause 
of climatic changes. Variations due to these causes, however, would be of 
irregular periodicity and intensity. Regular fluctuations in climate may 


7M. K. Elias: Personal communication to H. R. Wanless. 
7 David White: Climatic implications of Pennsylvanian floras, Ill. State Geol. Surv., Bull. 60 
(1931) p. 271-281. 
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be due to (1) change in the angle of inclination of the earth’s axis to the 
ecliptic, which varies from 22° to 2414° in periods of 40,000 years, (2) 
the migration of the perihelion, which completes its cycle every 20,700 
years (precession of the equinoxes), (3) a periodic fluctuation in the eccen- 
tricity of the earth’s orbit, which varies between 0.060 and 0.002 in periods 
of 91,800 years,®° (4) sun spot cycles, or (5) other regular-period varia- 
tions in the intensity of solar radiation. 

Sediments of successive cyclothems vary in thickness and lithologic 
character, and do not provide clear evidence as to whether cyclic periods 
were of uniform or non-uniform length. Variations in thickness and suc- 
cession may reflect the influence of changing local climatic or physiographic 
conditions rather than unequal periods of time. Moore has recently called 
attention to the four-fold rhythmic character of the megacyclothems in 
parts of the Upper Pennsylvanian section of Kansas, noting that the first 
or lowest cyclothems of successive megacyclothems are more like one an- 
other than they are like the second, third, or fourth cyclothems of the 
same megacyclothem. This idea is new, and it must be tested over larger 
areas before its general applicability is accepted. If such a complex 
rhythm should prove to be widespread, it would prove that the climatic 
fluctuations were of regular rather than irregular rhythm. 

The existence of short period climatic cycles has been recognized in tree 
rings *! and in varved sediments.** Bradley has suggested that the Green 
River oil shales reveal climatic cycles of a period of approximately 22,000 
years, which he refers to the cycle of precession of the equinoxes.** 

It has recently been proposed that glacial and interglacial climates of 
the Pleistocene result from the combined effects of change in inclination 
of the earth’s axis, the migration of the perihelion, and change in the eccen- 
tricity of the earth’s orbit. It was calculated that these factors might 
cause temperature variations of 10° F. at 50° latitude.* 

Because of the inadequacy of the available data, the causes of the cli- 
matic cycles responsible for the cycles of sedimentation are unknown, but 
the characteristics of the cyclic sediments suggest climatic fluctuations 
of a regular rather than an irregular period. 


8 The effects of these meteorologic cycles are discussed by P. Woldstedt: Das Eiszeitalter (1929) 

. 354-360. 

Pa A. E. Douglass: Climatic cycles and tree-growth, Carnegie Inst. Washington, Pub. no. 289, 
vol. 1 (1919); vol. 2 (1928); Conclusions from tree-ring data and cycles in tree-growth, Carnegie 
Inst. Washington, Report of conferences on cycles (1929) p. 5-6, 34-41. 

8 Ernst Antevs: Cycles in glacial and post-glacial deposits and cycles in v:zriations of glaciers and 
ice-sheets and in ice-melting, Carnegie Inst. Washington, Report of conferences on cycles (1929) 
p. 9-10, 52-55. 

83W. H. Bradley: The varves and climate of the Green River epoch, U. S. Geol. Surv., Prof. 
Pap. 158 (1929) p. 105-106. 

& This theory, formulated by Milankovitch, is discussed and criticized by: 

W. Koppen and A. Wegener: Die klimate der geologischen vorzeit (1924); and 
P. Woldstedt: op. cit., p. 354-360. 
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INTERPRETATION OF LATE-PALEOZOIC CYCLES IN TERMS OF 
SEA-LEVEL FLUCTUATION AND CLIMATIC CYCLES 


GENERAL STATEMENT 


The following is an attempt to picture the sequence of major events 
during a typical cycle (megacycle of Moore). This account ignores minor 
fluctuations of the sea and local movements of the land which probably 
characterized the cycles and tended to make them more complex. These 
minor fluctuations may be compared to those of the Pleistocene which must 
have resulted from the numerous short substages of advance and re- 
treat.® 

THE CHANNELS 

As the cycles are inferred to be causally related to glaciation, it seems 
appropriate to start the discussion of a cycle with the oncoming of a gla- 
cial epoch. At this time the sea level was being lowered and the upland 
vegetation becoming scarcer, causing an increase in run off after each rain 
so that the streams became variable in size and velocity. The erosion 
was increased as the slopes became more barren and coarse sediment began 
to accumulate on the piedmont surfaces. At first most of the sediment 
was deposited near the base of the mountains with the result that the larger 
rivers were able to cut valleys farther out on the delta plain, now exposed 
above sea level. These valleys which are called “channels” may have been 
cut in part below sea level, just as the Amazon, Mississippi, and other large 
rivers have cut their channels one hundred feet or more below sea level 
where they cross their deltas. 


THE SANDSTONES 


The deposition on the piedmont was marked by the building forward 
of a great series of fans which coalesced into a plain sloping gently away 
from the highlands like the High Plains east of the Rockies. The condi- 
tions of deposition on the plains are discussed in a paper by Johnson.®* 
Farther seaward the sands were washed down into the previously ex- 
cavated valleys. These channel fillings are not locally derived material, 
because they are composed largely of micaceous sands and their walls are 
of clay shales and limestones. Local material contributed occasional peb- 
bles of shale, ironstone, or limestone which are generally at or near the 
base of the channel filling. The sandstones grade from conglomeratic 
beds in the piedmont to fine sandstones and sandy shales on the seaward 
margin of delta areas. A slight increase in humidity associated with the 
beginning of glacial melting partially clothed the plains with vegetation, 


8 Ernst Antevs: Climazes of the last glaciation in North America, Am. Jour. Sci., 5th ser., vol. 28 


(1934) p. 304-311. 
8 W. D. Johnson: The high plains and their utilization, U. 8. Geol. Surv., 21st Ann. Rept., vol. 4 


(1901) p. 609-639. 
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reduced the rate of erosion and deposition, and caused the sediments to 
become finer grained. By this time the relief due to channel cutting had 
been obliterated by deposition. 


THE UNDERCLAY 


Fine sediment was spread over much of the delta area during floods and 
at times winds may have blown dust from the drier parts of the plain. 
The underclays resemble loess in their lack of stratification and the lack 
of parallelism in orientation of the longer dimensions of their grains,** 
though they differ from Pleistocene loesses in having smaller average size 
of particles. Weathering and soil formation altered these fine clays be- 
tween periods of their accumulation and after deposition had ceased, thus 
forming the widespread underclays.** 


THE COAL 


The warming of the climate, and the beginning of the melting of the 
glaciers brought about conditions favorable to the formation of coal beds. 
Increased precipitation caused a rise in the water table and thus started 
the growth of vegetation. The combination of the fine-grained underclay 
which prevented rapid circulation of the ground waters and the tangle 
of vegetation with horizontally spreading roots which characterized the 
Permo-Carboniferous floras would have effectively blocked the drainage 
causing broad swamps to develop over the lowlands. In these swamps the 
vegetation accumulated, developing greatest thicknesses where pre-exist- 
ing depressions were encountered. The gradual rise in the sea level cov- 
ered these swamps except where the upward growth of vegetation served 
to keep out the marine waters like the mangrove swamp vegetation along 
the coast of Florida. 

THE BLACK SHALE 

Eventually the sea covered the area and marine deposits began to form. 
The deposits were largely of fine mud and organic debris, since the uplands 
by now were covered by vegetation, so that the streams were no longer 
supplied with sand and gravel from slope wash. Much of the mud was 
black, partly because of the influence of the underlying peat and partly 
because of the shallowness of the water, which tended to produce stagnant 
conditions.®® The black fissile shales are attributed to this phase. 


THE LIMESTONES 


As the seas deepened, the black color of the muds decreased and pres- 
ently, as the distance from shore increased, the deposits became more 


87 R. E. Grim: Personal communication. 

88H, R. Wanless: Relation between Pennsylvanian coals and their underclays, as revealed by field 
studies, [abstract] Geol. Soc. Am., Pr. 1933 (1934) p. 115-116. 

89 W. H. Twenhofel: Notes on black shale in the making, Am. Jour. Sci., 4th ser., vol. 40 (1915) 
p. 272-280. 
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limy. As the valleys in the uplands became embayed by the further rise 
of the sea, the mud washed down into the seas and was deposited in the 
bays, as on the east coast of the United States at the present time, making 
the seas still more favorable for limestone accumulation. Elias, by a 
comparison of the faunas of the marine limestones of the Big Blue series 
of Kansas, with related forms on the present day sea-bottom, has con- 
cluded that the seas in which the limestones formed were about 180 feet 
deep.* It is presumably during this stage, that is, during an interglacial 
epoch, that the thick limestones were formed. 


THE GRAY SHALE 


With the lowering of sea level at the beginning of the next glacial epoch, 
the streams from the highlands again contributed mud to the inland seas, 
but in this case plant material was less plentiful, and the shales formed 
were not black. The thick gray shales of the cycle would form at this 
time. When the seas had withdrawn from parts of the plains, conditions 
somewhat favorable to swamp development might have existed, but the 
lowering of the sea would not have been as favorable for the preservation 
nor for the thick accumulation of peats at this time. With the decrease 
in vegetation in the uplands, sands again poured out on the piedmont, and 
channels were cut in the delta province, bringing the cycle to a close. 

It must be understood that conditions which produced a particular type 
of deposit in one area were not necessarily existent in other areas. The 
differences may have been caused by (1) the areas being in different zones 
in relation to the uplands, (2) differences in general climatic conditions, 
(3) local diastrophic effects. For example, while coal was being deposited 
in the swamp lands of the delta facies, portions of the neritic facies were 
submerged and were receiving marine deposits. Since the coal swamps 
must have obstructed the flow of rivers across the delta zone from the 
uplands, the seas were probably relatively clear, and the “middle” lime- 
stone of the Kansas megacycle may have formed at this time. Also, while 
coal was forming in the humid lowlands, more arid lowlands in parts of 
the west may not have had sufficient moisture for the development of 
swamp conditions. This may explain the general absence of coals in the 
cycles of the Rocky Mountain province. 


SUGGESTED INVESTIGATIONS 


Certain problems related to the general hypothesis presented in this 
paper deserve further investigation. These include: 
(1) testing of the idea of a megacycle in regions with delta and pied- 


9M. K. Elias: Probable depth of deposition of the Big Blue sediments in Kansas, [abstract] 
Am. Assoc. Petr. Geol., Pr., 20th Ann. Meeting (1935) p. 21. 
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mont facies, as well as in neritic areas, to see whether such complex 
rhythms in sedimentation as those described by Moore are general. 

(2) the study of evidence from fossil plant remains preserved in sedi- 
ments in various parts of the cycle for or against climatic differences. 

(3) the detailed description of sections of late Paleozoic sediments in 
areas other than North America and western Europe, to see whether they 
reveal cyclic sedimentation. 

(4) the careful study of faunas and floras in connection with cyclic 
sediments to determine how far individual cyclothems or megacyclothems 
may be used for inter-regional or intercontinental correlation. 

(5) the study of stratigraphic successions revealed by borings in large 
delta areas or coastal plains to learn more about the effects of Pleistocene 
sea level changes and climatic fluctuations upon sedimentation. 

(6) the careful study of late Paleozoic glacial deposits in search of 
weathered zones or other evidences of interglacial climates. 

(7) the study of the stratigraphic successions associated with coals of 
other ages, like those of the late Cretaceous and early Tertiary, which were 
not formed during periods of glacial climate, to determine whether or not 
they are cyclic in character, and whether or not the individual members 
are widespread geographically. 


SUMMARY 


It has been shown that recurrent sequences, known as sedimentary 
cycles or cyclothems, characterize the stratigraphy of most of the well- 
studied sections of late Mississippian, Pennsylvanian, and early Permian 
ages in Europe and North America. The sequences are interpreted by the 
hypothesis of alternate advances and retreats of the seas, and contem- 
porary fluctuations in climate. The period of time recorded by these 
cyclic sediments is probably contemporaneous with epochs of widespread 
glaciation, particularly in the southern hemisphere. This glaciation must 
have lowered the sea level, and caused the temporary withdrawal of 
waters from large portions of shallow interior seas. The unconformities 
and non-marine sediments in the cyclic successions are interpreted as re- 
cording these periods of sea withdrawal and glacial maxima. Variations 
in sedimentation in non-marine sequences are interpreted as recording 
variations in temperature and humidity. 

The hypothesis of glacially-controlled sea level oscillations appears 
more satisfactory as an explanation of the cycles than previously devel- 
oped diastrophic hypotheses, (1) because of widespread cyclic sedimenta- 
tion in late Paleozoic rocks, (2) because of the great extent of individual 
strata, and (3) because of the complicated diastrophic hypothesis which 
would be required to explain these successions. On the other hand local 
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diastrophism was no doubt important and the depositional basins are 
thought to have subsided slowly as sediment accumulated, the cyclic 
fluctuation being due to the rise and fall of sea level during this settling. 
The kind and quantity of sediment are believed to indicate the nearness 
to the source of sediment, the character of local physiography, and the 
general climate of the area. 
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INTRODUCTION 


The descriptions of commercial potash deposits indicate that most of 
these deposits have been formed by the evaporation of saline waters and 
are of a geological age younger than the Carboniferous. Glauconitic 
sands, alunite, wood ashes, and other materials have been used as a 
source of potash but these contain relatively small amounts compared 
with deposits formed by the evaporation of sea water and are not con- 
sidered important to the subject of this paper. 

The variation in the amount of salts dissolved in sea water or the 
gradual increment of some of these substances has been discussed at 
various times, but apparently no consideration has been given to the 
possibility of an appreciable increase or change in the relative amounts 
of potash in sea water throughout geological time. Daly has discussed 
the possibility of a limeless sea in the pre-Cambrian and the probable 
concomitant variation in the ratio of magnesium to lime.2 The sodium 
content in the sea has been used at different times in attempts to deter- 
mine the age of the earth or of certain geological eras or periods.® 


1B. L. Johnson: Potash, U. S. Dept. Commerce, Bur. Mines, Econ. Pap. no. 16 (1933) 78 pages. 

2R. A. Daly: The limeless ocean of pre-Cambrian time, Am. Jour. Sci., 4th ser., vol. 23 (1907) 
p. 93; First calcareous fossils and the evolution of limestones, Geol. Soc. Am., Bull., vol. 20 (1909) 
p. 153; Some chemical conditions in the pre-Cambrian ocean, 11th Intern. Geol. Cong., 1910, C. R. 
(1912) p. 503. 

8 Adolph Knopf: The age of the earth and the age of the ocean, Smithson. Rept. for 1932 
(1933) p. 193. 
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The possibility of the occurrence of potash salts in association with the 
halite and gypsum deposits of northern Alberta and the adjacent North 
West Territories has been the object of some investigations These 
deposits are Silurian or Devonian in age and the examinations of drill 
cores and water samples of saline springs made by governmental and 
private interests, indicate that they apparently do not contain any ap- 
preciable amount of potash. The fact that most potash deposits are of 
post-Carboniferous age appears to the writer to be significant and it is 
proposed to consider some of the reasons for their occurrence with rela- 
tively young strata. 


RATIO OF POTASH TO SODA 
IN IGNEOUS ROCKS AND SEDIMENTS 


The average amounts of potash and soda present in the igneous and 
sedimentary rocks is indicated by the following data from tables prepared 
by Washington and Clarke.® 


Average Average 
Average for: Shales Sandst Limest Sediments Igneous rock 
3.24 1.32 33 281 3.13 
ae 1.30 45 05 1.10 3.84 


These values indicate that a marked change in the proportions of pot- 
ash and soda has been brought about by their redistribution in the sedi- 
mentary rocks. The average for the sediments was based on weighted 
proportions as follows: shale 80; sandstone 15; and limestone 5. The 
average for the shale was based on 78 analyses, for the sandstone 253, 
and for the limestone 345. It is not likely that an increase in the number 
of shale analyses to the ratio that the shale was used in the weighted 
proportions would lower the average percentage of potash in the shale 
or in the average sediment since the potash is more abundant in the 
shale sediments. Thus, in the weathering of igneous rocks and the 
release of the bases, the sodium is made relatively more soluble than the 
potash and is carried to the sea in much greater proportions in the soluble 
state. The potash to a larger extent is retained with the colloidal clay 
substances.° This difference in solubility may be demonstrated by allow- 
ing water-soluble and similar salts of potash and of soda to percolate 
through fine-grained sediments. Subsequent washing with water will 
remove most of the soda whereas such a washing fails to remove the 
potash salt to the same extent. 


#J. A. Allan: Annual report on the mineral resources of Alberta, Res. Council Alberta, Rept. no. 1 
(1919) p. 87; Rept. no. 2 (1920) p. 102; Rept. no. 10 (1924) p. 48. 
E. M. Kindle: The occurrence and correlation of a Devonian fauna from Peace River, Alberta, 
Geol. Surv. Canada, Mus. Bull. no. 49 (1929) p. 14. 
5F. W. Clarke and H. S. Washington: The composition of the earth’s crust, U. S. Geol. Surv., 
Prof. Pap. no. 127 (1924) 117 pages. 
6C. K. Leith and W. J. Mead: Metamorphic geology (1925) H. Holt and Company, New York. 
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IN SEA WATER 


According to Clarke, the average solid residue from evaporation of sea 
water contains 30.593% Na and 1.106% K, whereas the average from 
river and lake waters contains 5.79% Na and 2.12% K. Thus the ratio 
of soda to potash in sea water is about 28 to 1 and in river and lake water 
approximately 5 to 2.7. The general absence of potash salts in associa- 
tion with halite deposits of pre-Carboniferous age suggests that the ratio 
of soda to potash in these earlier sea waters was different from the ratio 
in the later seas and that pre-Carboniferous seas contained a relatively 
higher content of soda than those of later time from which potash salts 
were deposited, usually with halite. 


POSSIBILITY OF VARIATIONS IN POTASH-SODA RATIO DURING 
GEOLOGIC TIME 


There is no definite evidence of any appreciable change in the ratio 
of potash to soda in sea water since the Carboniferous. One might obtain 
evidence of such a change if it were possible to determine the total 
volume and ratio of the salts in such well known deposits as those at 
Stassfurt. Many variable factors affect the precipitation of the salts 
from sea water and such soluble material is usually not well preserved. 
Thus, from a study of such deposits, it would not be possible to determine, 
with reasonable accuracy, the ratio of potash to soda that existed in the 
sea waters from which they were derived. 

Certain biological considerations bear on the general subject under dis- 
cussion. The biographical reviews of the late A. B. Macallum refer to 
one of his chief works as being a study of the relative and absolute con- 
centrations of the inorganic chemicals in the body fluids of animals in 
comparison to the salts in sea water. This investigation revealed that 
the body fluids of the vertebrates have a ratio similar to that of possibly 
an early Paleozoic ocean and different from that in modern seas which 
is characteristic of the ratio found in the marine invertebrates. Bio- 
chemical or physiological data, in general, have not been concerned with 
the total amounts of such salts in organisms but refer to the total content 
or ratios of salts in certain organs of the body or in specific body fluids. 
The variations between the potash and soda ratios from one animal type 
to another are too great to permit generalization.*® 

Washington has shown that there is apparently a different pairing of 
the inorganic elements in the organic metabolism of plants and of ani- 
mals. In the animal kingdom, sodium and iron apparently are necessary 
whereas among plants, magnesium and potash are essential to metabol- 


7F, W. Clarke: Data of geochemistry, U. 8S. Geol. Surv., Bull. no. 770, ath ed. (1924) 841 pages. 
8 Olaf Hammarsten and 8. G. Hedin (Mandel): A textbook of physiologi hemistry (1914) p. 328. 
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ism. Furthermore, an excess of any of these elements above the amounts 
usually present is toxic; that is, excess soda and iron are toxic to plants 
and likewise potash and magnesium to animals.® 


EFFECTS OF VEGETATION ON POTASH CONTENT OF SEA WATER 


Potash is essential to plants and is frequently added to soils to enhance 
or aid plant growth. Extensive land vegetation first appeared in the late 
Paleozoic and is represented in remnant by the coal deposits of the Car- 
boniferous. Land vegetation existed in the Devonian and late Silurian 
but apparently on a very much restricted scale as compared to that of 
the Carboniferous. The development and evolution of plants took place 
largely on the land areas although the ancestral forms originated in the 
sea water. Since the main development of plants was on land they pre- 
sumably made use of the salts in the soils in proportion to the relative 
abundance and availability. 

In the diagenesis and metamorphism of the fine-grained sediments the 
early appearance of fine-grained white mica is evidence of the presence 
of potash in the sediments.’° 

The development of the extensive vegetation and accumulations of 
plant material in the Carboniferous and some later periods would neces- 
sitate the transfer of a large amount of potash from the soils supporting 
the growth of such material. Plants have the ability to dissolve mineral 
substance from soils where it often occurs in a relatively insoluble state. 
On the destruction and decomposition of a large part of the plant mate- 
rial much of the potash used by the growing plant would be released in 
a more soluble form than it possessed in the original combinations in 
the soils or sediments. One of the common methods of obtaining potash 
in the past was to burn wood and leach the ashes." This process yielded 
an appreciable return of potash but has been largely discontinued due 
to the increased value of the wood. 

Organic solutions produced by plant growth or decay may act on rock 
material or soils and release mineral substances directly to migrating 
ground waters and ultimately to the sea. It would be difficult to deter- 
mine, in the case of the potash in the sea, what proportion came from 
such a source and what part has passed through the plant system. The 
writer is inclined to the idea that the greater part of the potash in the 
sea due directly or indirectly to vegetation has come from the plant 
tissues but irrespective of the method derived the increase has been due 
to extensive land vegetation. 


®H. S. Washington: An apparent correspond bet the chemistry of igneous magmas and 
of organic metabolism, Nat. Acad. Sci., vol. 2 (1916) p. 623. 
10°C, K. Leith and W. J. Mead: op. cit. 
1B. L. Johnson: op. cit. 


¥ 


EFFECTS OF VEGETATION ON POTASH CONTENT OF SEA WATER 1211 


The draining of areas in which plant material has accumulated and in 
part decomposed would supply appreciable amounts of potash to the 
streams. Some of the potash might be retained with the decomposed 
plant material and be represented in the ash of coal. Analysts have 
usually deemed it unnecessary to separate the bases in the majority of 
ash analyses but coal ashes apparently do not contain a relatively high 
percentage of potash else they would have long been used as a source of 
potash as have wood ashes. 


RELATION OF AGE OF POTASH DEPOSITS TO PERIODS OF 
DEFORMATION 


The geological record of conditions immediately following the Car- 
boniferous indicates a time of pronounced uplift and deformation in 
many parts of the world. Periods of frigidity and desiccation followed 
or accompanied this uplift. Under such conditions the Permian salt 
deposits of Europe were formed, part of which are represented by the 
Stassfurt deposits well known for their potash content, and at approxi- 
mately the same time the more recently discovered potash deposits of 
Texas and New Mexico were also deposited.’? 

Previous to the Carboniferous there were periods of desiccation accom- 
panied by the formation of salt deposits, but in none of these times do we 
find evidence of the existence of potash deposits that would indicate 
that the seas were of the same composition as in Permian time. If we 
accept the general theory that the salinity of the sea has increased 
throughout geological time, the formation of salt deposits in the earlier 
Paleozoic periods would require the evaporation of much larger amounts 
of sea water than would be necessary in later periods for the equivalent 
amount of salt. If in the early Paleozoic times the ratio of potash to 
soda was the same as in the later periods we would expect to have the 
potash represented in the salt deposits of these earlier periods. 

Alling has given an excellent description and discussion of the origin 
of the salt deposits in the State of New York which are of Silurian age 
and are represented by similar deposits in adjacent areas in United States 
and Canada. He comments on the notable absence of potash salts in 
any appreciable amount both in the salt beds and the enclosing forma- 
tions which have been examined and drilled through in many places.%* 

In strata younger than the Silurian but slightly older than the Car- 
boniferous coal-forming period there are well developed salt deposits in 


12 Op. cit. 
13H. L. Alling: The geology and origin of the Silurian salt of New York State, N. Y. State Mus., 


Bull. no. 275 (1928) 139 pages. 
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eastern Canada which contain a small amount of potash salts.* The 
strata containing these salt beds are assigned to the Mississippian, a 
period immediately preceding that in which the land vegetation reached 
an extensive development. There is, however, in these deposits an ap- 
parent increase in the potash content over that present with the salt beds 
of earlier periods. This would indicate that the vegetation that was to 
develop to such large proportions in the later Carboniferous had already 
developed to a noticeable extent in the early part of the Carboniferous 
and had made available a certain amount of potash to the drainages. 

The most extensive potash deposits formed in periods subsequent to 
the Permian are those of Tertiary age which were deposited during and 
following a period of world wide deformation.’® Arid and also frigid 
conditions prevailed in various localities and at different times during 
the early Tertiary. Such conditions thus followed upon the second period 
of intense development of a land vegetation which occurred in the Cre- 
taceous and apparently the Tertiary seas received an increase in potash 
content in the same manner as those of Permian time. Some of the 
potash salts deposited from the Permian seas and entombed in the sedi- 
ments may have been eroded and returned to the sea to increase the 
relative amount of potash in the Tertiary seas. Deposits of Tertiary 
age in general appear to have a lower ratio of halite to potash salts than 
those of Permian age. 

Modern areas of desiccation and aridity in some places show a con- 
centration of potash salts and some land-locked water bodies have been 
considered as a possible source of potash but modern occurrences are of 
small volume in comparison to those that were formed in the Permian 
and Tertiary. Modern times have not been immediately preceded by a 
widespread development of luxuriant land vegetation. Areas of present 
day tropical vegetation may be contributing materially to the potash con- 
tent of the sea but a subsequent period of desiccation causing the precipi- 
tion of salts is necessary in order to determine such a possible effect. 


ORIGIN OF POTASH 


Much of the potash now in the sea has probably gone through several 
cycles of deposition, and re-solution since it was first released from the 
primary minerals of igneous rocks, but on the whole there appears to be 
an increase in the potash content of sea water throughout geological 
time. It does not appear likely that sources other than from minerals 


4L. H. Cole: The salt industry of Canada, Canada Dept. Mines, Mines Branch, Pub. no. 716 
(1930) p. 11; Potash salts in the maritime provinces of Canada, Canada, Mines Branch, Investig. 
Min. Resources, 1928 (1930) p. 19-27. 

H. V. Ellsworth: Chemistry of the potash-bearing horizon of the Malagash salt deposit, Nova 
Scotia, Geol. Surv. Canada, Summ. Rept. for 1924, pt. C (1926) p. 181. 
18 B. L. Johnson: op. cit. 
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in igneous rocks can be well considered as a possible primary source for 
this potash. 


VARIATIONS IN CONCENTRATION OF OTHER DISSOLVED SALTS 
DURING GEOLOGIC TIME 


The origin of the sedimentary iron ores in some of the marine forma- 
tions of the Paleozoic and the iron formations in the pre-Cambrian is a 
problem not yet satisfactorily explained.1® Precipitates relatively rich 
in iron were prevalent in some periods of the pre-Cambrian. Studies on 
the pre-Cambrian iron formations of the Lake Superior region have led 
to the conclusion that the mineral greenalite, a hydrous iron silicate, is 
the chief primary mineral that ultimately, through decomposition, pro- 
duced the iron ores. This mineral is potash free and thus differs from 
glauconite which is the more common iron silicate occurring in geo- 
logically young or recent marine deposits..7_ In the Ordovician, Silur- 
ian, and the Jurassic we see a recurrence of the concentration of iron in 
the sea water represented now by well known iron ore deposits. The 
Wabana iron ores in the Ordovician of Newfoundland are especially 
noteworthy examples because the enclosing strata and their contained 
fossil fauna do not indicate a semi-enclosed or land-locked basin environ- 
ment. The greater abundance of iron precipitates in the earlier periods 
seems to indicate a gradual decrease in the content of iron in sea water 
or in the ability of the sea to hold iron in solution. In other words, the 
ratio of the various substances held in solution has been changing. It 
might be suggested that the approximate ratios of the iron and the potash 
to other substances in sea water has been maintained throughout geo- 
logical periods due to deposition of temporary excess amounts of such 
substances in the form of iron formations or potash deposits. The 
stratigraphical and areal distribution of such deposits although fragmen- 
tary are indicative of quantity to some extent and argue against rather 
than for such an approximate stability of ratios. 

The various possible ways in which portions of the sea may become 
land-locked or semi-detached and the salts precipitated therefrom have 
been dealt with in detail by Grabau.’® Alling, in his study of the New 
York salt deposits, considers many of these possibilities with respect to 
the origin of this type of deposit,’® and, like Grabau, he has discussed 
the principles of deposition by fractional crystallization according to the 
laws worked out by Van’t Hoff and others with respect to sea-water 


16C, K. Leith: The pre-Cambrian, Geol. Soc. Am., Pr. for 1933 (1934) p. 151. 
17 Fred Jolliffe: A study of greenalite, Am. Mineral., vol. 20 (1935) p. 405. 
C. K. Leith, R. J. Lund, and Andrew Leith: Pre-Cambrian rocks of the Lake Superior region, 
U. S. Geol. Surv., Prof. Pap. no. 184 (1935) p. 21. 
18 A. W. Grabau: Principles of salt deposition (1920) New York. 
1H. L. Alling: op. cit. 
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evaporation. It is evident from these authors that no one set of facts 
or particular theory can be applied rigidly to any one of the salt deposits 
because of the variable factors that enter into the interpretation. It is 
conceivable that in the case of many deposits the potash salts may have 
been concentrated in the residual brines and drained back to the sea 
rather than deposited with other salts. This might explain the absence 
of any appreciable amount of potash salts in association with some of the 
halite deposits, but it would be extremely fortuitous that such would be 
the case with all pre-Carboniferous salt deposits. 

The conception of a change in the amounts and the ratios of the soluble 
substances in sea water throughout geological time is not contrary to the 
general doctrine of uniformitarianism as regards process but emphasizes 
rather the idea of change in conditions under which processes have acted 
at different times. The seas, apparently, have been present since our 
earliest sediments were laid down but their composition with respect to 
solids held in solution appears to have changed. There may be cyclic or 
periodic changes in the percentages of the solids held in solution. In 
times of general aridity or during periods of deep residual decay the 
salinity of the sea would perhaps increase but on the whole there appears 
to have been an increment in the content of some of these salts such as 
soda and potash and a decrease in others such as iron. 


CONCLUSIONS 


The general thesis here advanced is that in pre-Carboniferous time the 
seas were relatively poorer in potash than in subsequent periods and 
that the first notable increase in relative as well as total potash was 
brought about by the growth, destruction, and decomposition of a large 
volume of plant material accumulated in Carboniferous time. If such a 
conclusion is correct it has an important economic bearing because of the 
national and international importance of potash deposits. If all valuable 
bedded potash deposits are younger than the Carboniferous it is obviously 
futile to search for them in older formations. Detailed examinations 
of saline deposits have usually had as part of their object the possible 
discovery of economically important layers of potash salts. To the 
writer such a hope is without prospect if the salt deposits are of too 
great an age. 

Some of the ideas here advanced may be open to considerable criticism, 
especially those pertaining to some of the biological concepts which have 
to do with subjects beyond the writer’s general field of study. Such 
criticism is invited in the hope of either clarifying or refuting the con- 
ception here advanced with respect to the age of potash deposits. The 
possible relationship of magnesium to potash has not been considered in 
detail. Magnesium-bearing salts are commonly associated with those 


: 
4 
: 
& 


CONCLUSIONS 1215 


containing potash, and the periods of concentration of salts rich in mag- 
nesia in general coincide with those of potash concentration. A discus- 
sion of these relationships, both in solution and in the deposits, involves 
the question of the origin of limestones and dolomites which is here con- 
sidered beyond the general scope of this discussion. According to 
Clarke ?° the average sea waiter contains 3.725 percent Mg and 1.197 Ca. 
Part of these enter into the formation of dolomites and limestones and 
some are precipitated in various combinations with the saline residues. 
We have no general data on the proportions which form these two types 
of materials but according to Washington and Clarke the average sedi- 
ment contains 2.51 MgO and 5.41 CaO which indicates a reversal of the 
ratios of magnesia to lime from that found in sea water.**. There may 
be some relationship between the concentration of magnesium and potash 
in sea water further than that suggested by Washington with respect 
to plant metabolism, but data are not sufficient to generalize in this 
respect. 


University oF ALBERTA, EpMONTON, ALBERTA, CANADA. 
MANUSCRIPT RECEIVED BY THE SECRETARY OF THE Society, Octoper 21, 1935. 
ACCEPTED BY THE COMMITTEE ON PusLicaTIons, 1936. 


2F, W. Clarke: Data of geochemistry, U. S. Geol. Surv., Bull. no. 770, 5th ed. (1924) 841 pages. 
2 F, W. Clarke and H. 8S. Washington: The composition of the earth’s crust, U. S. Geol. Surv., 
Prof. Pap. no. 127 (1924) 117 pages. 
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Description of material suitable for age determination.................... 1232 
INTRODUCTION 


In Part I of this series,’ the validity of the application of the helium 
method to the determination of geologic time expressed in years was dis- 
cussed from the analyses of a suite of Keweenawan basalts. The year 
was defined as the present period of the earth’s revolution around the 
sun, although, of course, variation of its orbital velocity may have been 
appreciable over geologic intervals.? The geologic age was defined as the 
number of years since the beginning of accumulation of the stable end- 
products of the radioactive series. The parent elements of these series 
are present to the extent of at least a few atoms per billion in all rocks, 
and a determination of the amount of either of the stable end-products, 
lead or helium, and of the parent elements present, provides all the data 
necessary for computing the length of time of accumulation. It was 
shown, however, that the lead method is applicable only to the radio- 
active minerals like uraninite, whereas the helium method can be applied 
to a wide range of medium- to fine-grained basic igneous rocks, and 
possibly to nearly all types of igneous material. The elapsed time deter- 
mined by the helium method dates from the original cooling of the rock, 
except as it may have been modified by metamorphism, leaching, or 


1A. C. Lane and W. D. Urry: Ages by the helium method: I. Keweenawan, Geol. Soc. Am., Bull., 


vol. 46 (1935) p. 1101-1120. 
2A. C Lane: Rating the geologic clock, 16th Intern. Geol. Cong., Washington, 1933, Rept., vol. 1 


(1936) p. 145-167. 
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excessive heating. The Keweenawan suite of rocks represented a wide 
range of such conditions, and from their study there was defined a set of 
standard conditions to apply in selecting material for the present purpose. 
For complete details of the helium method and questions regarding the 
validity and range of application, the reader is referred to Part I of 
this study.® 

For the physico-chemical determination of Th and Ra in rocks, see 
a recent paper by Urry.* 

TIME SCALE 
PURPOSE 


The abundance of material suitable for study by the helium method, 
compared to the scarcity of the radioactive minerals which alone are 
suited to the lead method, should result in a far more detailed time scale. 
The geologic correlation of a particular flow horizon is attainable with 
more precision than is usually the case with a deposit of radioactive 
minerals. In all but a few cases the secondary nature of radioactive 
minerals causes doubt as to their particular period of formation. 

Accordingly, with the generous help of many geologists in North Amer- 
ica and Europe, it has been possible to apply the helium method to small 
groups of basic igneous rocks, conforming to the standards already men- 
tioned, and representative of most of the geologic horizons above the 
Keweenawan. The object in view is two-fold; first, to compare the re- 
sulting time scale with other scales, quantitatively in the case of the best 
age determinations derived by the lead method, and at least in order of 
magnitude with other scales such as that based on the rate of accumula- 
tion of sediments; and second, as a prerequisite to the important applica- 
tion of the method in long distance time correlations, doubtful or impos- 
sible from geologic relations. A few pre-Cambrian rocks have also been 
examined but the small number does not warrant the extension of the 
time scale beyond the Keweenawan horizon. They show, however, that 
the method is applicable to the older rocks, and a solution of many pre- 
Cambrian problems, difficult at present owing to the lack of fossils, may 
be anticipated in the near future. 


MEASUREMENT AND DESCRIPTION OF MATERIAL 


Table 1 records for all specimens the measured quantities of helium 
and its parent elements, as well as their computed ages, in millions of 
years, which have been plotted to scale in Table 2. The computation of 


3A. C. Lane and W. D. Urry: op. cit. 
4W. D. Urry: Determination of the thorium content of rocks, Jour. Chem. Phys., vol. 4 (1936) 


Th, p. 34-40; Ra, p. 40-48. 


1220 W. D. URRY—AGES BY THE HELIUM METHOD 


the age and the probable error are discussed in Part I of this study.’ 
Geological and mineralogical notes on the specimens were kindly pre- 
pared by Professor A. C. Lane and follow Table 1. All the material 
used for establishing the time scale has been carefully selected with a 
view to the accuracy with which such material can be placed in a definite 
horizon on the basis of geologic evidence. 


GEOLOGICAL AND MINERALOGICAL NOTES 


Specimens P, M1, M2, and M3 are from R. E. Fuller, Seattle, Wash. 


P.—Pliocene basalt 8 to 10 inches above the base of a 12-foot flow about the 
center of a 3,000-foot series capping Steens Mountain, Oregon. From the 
divide between Alford and Little Alford Creek® 


M1 and M2.—Upper Miocene basalt from the mouth of Douglas Creek Canyon, 
Wash. M1 is from Moses Coulee, 3 feet above the base of a flow, 400 feet 
above the base of the series. M2 is from about 18 inches above the base 
of a 30-foot flow directly overlying the Douglas Creek beds. At Douglas 
Creek the associated flora have been reported by A. D. Hoffman.” According 
to R. E. Fuller, they are overlaid unconformably by late Pliocene rocks. 
This is one of the principal localities from which Fuller obtained evidence 
of aqueous chilling of basalts. 


M3.—Columbia River, Lower or Middle Miocene basalt from Picture Gorge of 
the John Day River, Ore. About 3 feet above the base of a 50-foot flow 
which is about the fourth from the top of the series between John Day and 
Mascall formations. There is a large vertebrate fauna above and below 
to be described in a folio by J. P. Buwalda. 


Specimens Jal, Ja2, and Ja3 were collected by W. D. Urry, August, 1935. 


Jal and Ja3.—Oligocene basalt from Basaltschrotter und Feingruswerke, Her- 
mannsdorf, Kreis Jauer, Lower Silesia, Germany. Jal is from a fresh blast, 
August 24, 1935. 


Ja2—Columnar basalt. Breitenberg active quarry, Kreis Jauer. The lower 
Silesia Oligocene basin is mentioned in standard texts such as Credner’s 
Geology. Lepsius,® reports that the basalts are associated with tuffs. The 
Upper Oligocene brown coal beds lie below them; somewhat disconformably 
above them are coals which have been classed as Miocene. The phonolites 
are somewhat younger. 


5 A.C. Lane and W. D. Urry: op. cit. 

®W. D. Smith: Geology of Steens and Pueblo Mountains, Southeastern Oregon, [abstract] Geol. 
Soc. Am., Bull., vol. 36 (1925) p. 202. 

W. D. Smith, R. E. Fuller, and A. C. Waters: Nature and origin of the horst and graben 
structures of southern Oregon, Geol. Soc. Am., Bull., vol. 40 (1929) p. 187. 

7A. D. Hoffman: The Douglas Canyon flora of east-central Washington, Jour. Geol., vol. 40 
(1932) p. 785-738. 

® Richard Lepsius: Geologie von Deutschland und den angrenzenden Gebieten. II. Das nérdliche 
und Gstliche Deutschland (1910) p. 148. 
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T.—Monteregian tinguaite was supplied by F. F. Osborne, who has kindly helped 


with these notes. The Monteregian rocks® are the youngest igneous rocks 
cutting the Ordovician in the region but include fragments of the Middle 
Devonian rocks. They have been classed as late Paleozoic, and appear 
to be monadnocks rising above the St. Lawrence plain. Similar necks, like 
the Devil’s Tower, projecting from the Cretaceous beds of the Great Plains 
are Tertiary. Osborne has suggested that the Monteregian rocks might 
also be Tertiary.° Tinguaite is an aplitic, diaschistic dike rock rich in 
alkalies, but Osborne, who has made seven analyses, feels that the tinguaite 
is rather more closely related to the nepheline syenite than is implied by 
the term diaschistic. However, the relatively high radioactivity found is 
what might be expected from a diaschistic rock high in potash. The 
tinguaite was tested by Eve and McIntosh” This early determination, 
43 < 10-* grams Ra per gram, confirms the relatively high radium content 
in Table 1. The high radium and thorium content is accompanied by a 
proportionately greater production of helium in a given time, and it is 
possible that this production exceeded the limit of retention, some helium 
escaped, and thus the indicated age is too low. The presence of radioactive 
minerals like lavenite and rinkite would tend to produce the same effect. 
On the other hand, the scarcity of haloes suggests recent origin. 


Analysis of Tinguaite, Papineau Avenue, Montreal (M. F. Connor) 


_ 07 (above 110°C.)........ 2.35 


Osborne writes: “The sequence of events near Mount Royal is as follows: 
from oldest to youngest,—essexite, camptonite, tinguaite and tinguaite por- 
phyry, syenite breccia, camptonite, fourchite, nepheline syenite, nordmarkite, 
pegmatite, tinguaite porphyry and maenite, camptonite, nepheline syenite, 
maenite, camptonite. The most sodic of the tinguaites is the earliest and 
I believe that the sheets in the vicinity from which the specimen was 
obtained belonged to the earliest tinguaites.’ Many of the specimens are 


®J. A. Dresser: Geology of St. Bruno Mountain, Province of Quebec, Geol. Surv. Canada, Mem. 
7 (1910) 33 pages. 
F. D. Adams: The Monteregian Hills, 12th Intern. Geol. Cong., Guidebook 3, Exe. A7 (1913) 


p. 44-45. 


A. C. Lane: Wet and dry differentiation of igneous rocks, Tufts Coll. Stud., vol. 3, no. 1 (1910) 


p. 39-53. 


F. L. Finley: The nepheline syenites and pegmatites of Mount Royal, Montreal, Quebec (intro- 
ductory note by F. D. Adams), Can. Jour. Research, vol. 2, no. 4 (1930) p. 231-248. 

10F, F. Osborne: Personal communication. 

11 A. S. Eve and D. 8. McIntosh: The amount of radium present in typical rocks in the immediate 
neighborhood of Montreal, Royal Soc. Can., Tr., 3d ser., vol. 1, sect. 3 (1907) p. 18-17. 
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unusually fresh for alkaline rocks. The age indicated, that of the uplift 
between the Mesozoic and Tertiary, is so much later than that of any 
nearby rocks that further work will be done on this series in the near 
future. The topographic forms are sharp enough to leave the possibility 
of Tertiary age open and the difference in indicated ages of the tinguaite 
and the metabasalt, C1, which is agreed to be older but also much more 
metamorphosed, is striking. 

Specimens J57, J29, L80, J28a, J28g, J86 (I and II), and J21, supplied by W. D. 
Johnston, Jr., of the U. S. Geological Survey, and specimens LH67 and LH93, 
collected by S. G. Lasky, will be fully described in a later joint paper by Urry 
and Johnston, embodying an application of these results to a study of the 
geology of the Grass Valley region. 

Specimens B1, B2, and B3 were collected by T. W. Fluhr in February, 1935, for 

C. P. Berkey for age determinations. 

Bl—Trap from the base of the Palisade intrusive, a short distance south of 
the line of the Midtown Hudson Tunnel, Kings Bluff, Weehawken, N. J. 
Taken from 5 to 10 inches above the basal contact. The New Jersey Tri- 
assic has been described by many writers. A. C. Hawkins, of Rutgers Col- 
lege, has communicated his estimate that the Palisade intrusive, although 
stratigraphically below, is chronologically coeval with 5,000 feet of strata 
above the first Watchung Mountain flow (see H1 result). 

B2.—Trap 40 inches above the basal contact of the Palisade intrusive. Kings 
Bluff, Weehawken, N. J. The pyroxene is much broken. The feldspar laths 
are about 0.15 millimeter by 0.03 millimeter. The olivine is altered some- 
what to brown-green serpentine, and there is some limonite stain. 

B3—Trap 40 feet above the basal contact of the Palisade intrusive. Kings 
Bluff, Weehawken, N. J. 


Specimens K1 and K2 were collected by A. Knopf. 

K1—Chilled dolerite trap from an offshoot of the West Rock sill. Quarry, New 
Haven, Conn. [See reports of the Conn. Geol. Surv.; also work by W. M. 
Davis, and Guide Book to the Al Excursion, 16th Intern. Geol. Cong.] 

K2—Chilled margin of the Buttress dike cutting the West Rock sill (K1). 
This, according to Knopf, unquestionably cuts and is younger than K1. 
The difference between the indicated ages of K1 and K2 is not greater 
than the probable error, and it is not at all necessary to assume that one 
specimen has been slightly more weathered than the other. The samples 
were taken from an apophysis extending into the arkose floor of the dolerite 
sill at West Rock, New Haven. The face from which they were taken has 
been exposed for thirty years or more and originally must have been within 
a few feet of the surface. The results seem to indicate that there has been 
very little loss of helium. It would be desirable, however, to check the 
results by further determinations on specimens from the many quarries in 
the Triassic traps of the Connecticut Valley, especially on specimens from 
the Lower (“Anterior”), Main, and Upper (“Posterior”) lava sheets. As 
these successive extrusive sheets are separated from one another by thick 
sections of sedimentary rocks, they represent a considerable span of Triassic 
time, and it would be highly interesting to learn whether the ages deter- 
mined by the helium method correlate with the known stratigraphic posi- 
tions of the lavas. This would also apply to the two Watchung Mountain 
traps. 
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Specimen NS1 was collected by A. C. Lane. 

NS1.—Sample from drill core A, 464 feet below the surface of the Cape Spencer 
flow, Nova Scotia, Can. At Cap d’Or there is enough copper to have in- 
cited attempts at mining. Lane prepared a report for the Canadian Bu- 
reau of Mines (as yet unpublished) on the mining and attendant diamond 
drilling. His notes and cores, however, have been used * by Sidney Powers, 
Powers and Lane, and R. J. Lund. 


Specimen H1 was collected by F. B. Hanley for M. King Hubbert, Dec. 14, 1934. 

H1.—tTrap from near the base of the 1st Watchung Mountain flow. From the 
old quarry on Valley Road, a quarter of a mile north of Notch Road, Great 
Notch, Clifton, N. J. There is some brownish mesostasis, but the labra- 
dorite and pyroxene are very fresh. There are olivine phenocrysts. The 
feldspar is relatively thinner than in the Palisade diabase. There is reason 
to assume also that this is a little fresher than the Palisade diabase, but it 
is in any case probably the oldest trap of the Newark Series. (See B1, 
B2, and B3.) 


Specimen 1440 was collected by Leppla in 1890; sent by O. H. Schindewolf. 
1440.—Augite porphyrite. 1.5 kilometres southwest of Kirnbriicke ad. Lahn, 
Germany. Permian. The sections have been published by Lepsius.” 
Although the hand specimen looks reasonably fresh, there is considerable 
sericite. Surface specimens which have been stored in collections for long 

periods are unsuitable for age determinations, as this result shows. 


Specimen SaP was presented by Prof. P. Provost of the University of Lille. 
SaP—Melaphyre. Sill d’age permien moyen, injecté dans la charbon de la 
Veine no. 7 du Sud. Mines domaniales de la Sarre, fosse d’Hirschbach 5° 
Etage.* Although this comes from a mine, it is rich in limonite. The lath 
forms of plagioclase can be discerned, but the specific feldspar is obscure. 
The amount of limonite is more important than the chlorite in showing that 
a rock is too weathered to use. 


Specimen BP was collected by A. C. Lane, October, 1935. 

BP.—Basalt from a low point in the face of a quarry in the Brighton (mela- 
phyre) amygdaloid. Brighton, Mass.* Although La Forge assigns to this 
an age not older than the Devonian nor younger than the Carboniferous, he 
does not treat the Permian as a separate period. It represents the latest 
intrusion before the uplift that closed the Paleozoic. It is cut by Triassic 


12 Sidney Powers: The Acadian Triassic, Jour. Geol., vol. 24 (1916) p. 1-26, 105-122, 254-268. 
Sidney Powers and A. C. Lane: Magmatic differentiation in effusive rocks, Am. Inst. Mining Eng., 
Bull. 110 (1916) p. 535-548; [with discussion by N. L. Bowen] ibid., Tr., vol. 54 (1916) p. 442-457. 
R. J. Lund: Differentiation in the Cape Spencer Flow [Nova Scotia], Am. Mineral., vol. 15 
(1930) p. 539-568. 
18 Richard Lepsius: Geologie von Deutschland und den angrenzenden Gebieten. I. Das westliche 
und siidliche Deutschland (1892). 
144P, Provost: Geological description of the Saar coal basin and Lorraine [Studies of mineral 
deposits, France] vol. 3 (1934) p. 41. 
15]. B. Crosby: Boston through the ages (1928) p. 127, 133. 
Laurence La Forge: Geology of the Boston area, Massachusetts, U. S. Geol. Surv., Bull. 839 
(1932) p. 42. 
M. G. Wilmarth: The geologic time classification of the United States Geological Survey com- 
pared with other classifications, accompanied by the original definitions of era, period, and epoch 
terms, U. S. Geol. Surv., Bull. 769 (1925). 
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dikes, overlies the bulk of the Roxbury conglomerate, and is associated with 
tillites and red, ripple-marked shales, all of which suggest Permian. More- 
over, it is almost without fossil remains such as occur in the coal basin just 
a few miles away. There is no stratigraphic evidence to prevent its being 
either Permian or late Carboniferous. The result obtained would not sug- 
gest Early Carboniferous. 


Specimen Del was collected by W. D. Urry and W. L. Whitehead, October, 1935. 

Del—“Grey Tuff.” Newburyport Turnpike and Central Street, Rowley, Mass. 
Fresh roadcut 1 foot below the glaciated surface and about 2 feet above a 
fossiliferous shale bed. The latest description of the Newbury Volcanic 
Series is found in a thesis submitted by R. IIsley to the Massachusetts In- 
stitute of Technology, Department of Geology, in 1934. The volcanics are 
placed doubtfully as Oriskanian,” i.e., low in the Devonian, but they may 
belong at the top of the Silurian. Provisionally, the age may be taken as 
the dividing line between Devonian and Silurian. 


Specimens L5, L69, L6, and Lal9 were collected by G. W. Stose and Anna I. Jonas, 
U. 8. Geol. Surv., Oct. 26, 1934. 

L5—Diabase in the Martinsburg shale, Lebanon Quadrangle, Penn. 1 mile 
southeast of Bunker Hill. See Guide Book No. 10, p. 10, 16th Int. Geol. 
Congress. This is the old “Hudson River” shale near the top of the Ordovi- 
cian. It should probably be younger than the Stark’s Knob specimen, SK. 

L69—Same as L5, but collected from north side of the same quarry as supplied 
L5, near the contact. 

L6—Basalt flow at the base of the Martinsburg shale, Lebanon Quadrangle, 
Penn., Southeast end of Bunker Hill. 

Lal9.—Same as L6, but collected from the new concrete road south of Swatara 
Creek, West end of Bunker Hill. L6 and Lal9 are the two specimens 
whose results are in greatest disagreement with the geologic evidence. Both 
specimens showed considerable limonite, but, although not fresh, the oc- 
currence and condition as compared with other specimens do not entirely 
account for the low result. Both specimens, although taken a considerable 
distance apart, give the same age which may support the privately-com- 
municated information that it is not impossible that the basalt should have 
been exposed and weathered during Triassic and early Mesozoic times. 


Specimen Cl was collected by T. H. Clark, 1934. 

C1—Metabasalt from the south slope of Mt. Orford, southwest corner of Brome 
Cy., Quebec, Can. This, as the name indicates, was distinctly metamor- 
phosed at the time of the Appalachian disturbances. It was supposed to 
be of the same age as Stark’s Knob. The geologic evidence, then, sets the 
age between these limits. 


Specimen CP was collected by A. C. Lane, August, 1934. 
CP.—Trap from the centre of a dike in the road between Chapel Pond and 
St. Huberts, Adirondacks, N. Y., following a fresh blast in a 10-foot road 
cut. Though the hand specimen looked fresh, the section showed extensive 
chloritic alteration, and the feldspar forms were vague. This was a small 


16 B. K. Emerson: Geology of M husetts and Rhode Island, U. 8S. Geol. Surv., Bull. 597 (1917) 
p. 163. 
Laurence La Forge: op. cit., p. 29, 70. 


: 
= 
; 
: 


POST-KEWEENAWAN 1225 


8-inch trap dike in the anorthosite, one of the straight-walled dikes of north- 
east strike referred to by Balk.” Cushing™ thought that these dikes were 
pre-Potsdam, i.e., early Cambrian or Keweenawan, in contrast to the idea 
held by Kemp that the difference between them and the camptonites, known 
to be later than Cambrian, was one of variation in the environment. But 
Cushing did not find a case of such a dike cut off by the Potsdam sandstone 
and knew that the question was not settled. The helium ratio is similar 
to that of Stark’s Knob nearby. In specimens CP and SK, the thorium 
content could not be determined. Only an upper limit is possible; hence, 
only the upper and lower limit for the age can be given. 


Specimen SK was collected by A. C. Lane. 

SK.—Stark’s Knob. Excursion Al, 16th Intern. Geol. Cong. [See Guide Book 
I, p. 16-17.] This was called the Northumberland volcanic plug by Cush- 
ing.” Its age has been placed as late as Triassic, but H. A. Brouwer de- 
clared it was a submarine irruption, an example of which he had seen in ac- 
tion. J. W. Dresser recognized its similarity to other occurrences in the 
Chazy: “In the St. Lawrence valley a few isolated areas of igneous rocks 
of fine texture, often amygdaloidal, and green or reddish occur in widely 
separated places through a total distance of 300 miles. All occurrences yet 
found are east of the Champlain-St. Lawrence fault, ‘Logan’s Line,’ and 
near it or subsidiary fractures. They range in size from several square 
miles to a few feet. In some cases they are certainly intrusive and they 
may be so in all cases. Their amygdaloidal character suggests that they 
are extrusive but the relations as far as known do not confirm this view. 
They are associated with sedimentary rocks of lower Ordovician age. They 
are commonly found between Farnham (lower Trenton) and Sillery, which 
is considered Beekmantown. Stark’s Knob is a typical occurrence as com- 
pared with those of Quebec; that is, between Normanskill and underlying 
sandstones and shales, in appearance Sillery. Ores of copper, commonly in 
native form, occur in nearly all the localities.’ The specimen was as fresh 
and compact as was possible to find in a small road metal quarry. Accord- 
ing to the section, p. 17 of the above Guide Book, it would be near the 
middle of the Ordovician. Compare with specimens L5, L69, L6, and Lal9. 


Specimen U1 was collected by J. Bridge, U. S. Geol. Surv., March, 1934. 

U1—Cambrian basalt from the Unicoi formation, Abingdon quadrangle. The 
entire thickness of the flow is exposed in a newly-made road cut, on High- 
way 91, half a mile south of the Virginia-Tennessee line and 2 miles south 
and a little east of Damascus, Virginia. The upper part is amygdaloidal. 
Specimen about 3 feet from the base of the flow which is about 15 feet 
thick” Resser™ is inclined to consider the Unicoi as Beltian. The speci- 
mens do not look very fresh. 


17 Robert Balk: The Adirondack Mountains, 16th Intern. Geol. Cong., Guidebook I, Exc. A-I 
(1933) p. 35. Compare: J. F. Kemp and V. F. Marsters: The trap-dikes of the Lake Champlain 
region, U. S. Geol. Surv., Bull. 107 (1893) 62 pages. 

18 H. P. Cushing: On the existence of pre-Cambrian and post-Ordovician trap dikes in the Adiron- 
dacks, N. Y. Acad. Sci., Tr., vol. 15 (1896) p. 248-252. 

29H. P. Cushing: Northumberland volcanic plug, Geol. Soc. Am., Bull., vol. 24 (1912) p. 335-349. 

2A. C. Lane et al.: Report of the committee on the measurement of geologic time, Nat. Res. 
Council, Div. Geol. and Geog., Ann. Rept. (1934) p. 17. 

210, E. Resser: Preliminary generalized Cambrian time scale, Geol. Soc. Am., Bull., vol. 44 (1933) 
p. 743-745; and personal communication. 
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TaBLe 2—Post-Keweenawan time scale 


DISCUSSION 


GEOLOGIC SEQUENCE 


Of the thirty-nine re- 
sults reported here, 
only five are incom- 
patible with the correct 
geologic sequence as 
determined from the 
field relations. All five 
specimens should be re- 
jected as unsuitable on 
strict adherence to the 
standard conditions set 
for selecting material. 
(See Appendix.) The 
Permian specimen 1440 
was collected from the 
surface in 1890. A 
gradation from a 
brownish exterior ring, 
about half the diam- 
eter of the specimen, 
to a dark-gray, fresher 
central nucleus sug- 
gests some alteration 
during museum han- 
dling. Specimen SaP, 
though from a Saar 
coal mine, is consider- 
ably altered, rich in 
limonite, and so friable 
as to soil the hands. 
Specimens L6 and 
Lal9, from the Ordo- 
vician basaltic flow at 
the base of the Mar- 
tinsburg shale, exhib- 
ited considerable limo- 
nite throughout the 
entire one-pound speci- 
mens. Not even the 5 
grams necessary for 
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analysis could be selected from fresh material. A lack of more suitable 
mtaerial in these horizons at the time prompted the work on the four 
specimens above. The determination of the apparent age of the Mt. 
Orford metabasalt was carried out to open up the question of the inter- 
pretation of the result for a metamorphosed rock. A. F. Buddington 
believes he can furnish dike material both metamorphosed and unmeta- 
morphosed but of the same age. Such material should throw light on the 
interpretation of results obtained from such rocks as the Mt. Orford 
metabasalt. 

The post-Keweenawan time scale in Table 2 has been drawn up from 
the remaining thirty-four results. Geological periods to the left are 
boxed approximately to scale, the divisions being based on the evidence 
presented by these helium method results on basic rocks. The Triassic 
box is enlarged by about one-fifth to give room for the many results, 
though it is not absolutely certain that the Palisade is Triassic. A given 
result is placed as nearly as possible opposite the position in a given 
period prescribed by the geologic evidence. A question mark denotes 
doubt as to the position of a particular specimen from the geologic evi- 
dence. V denotes a possibility of the formation being older than repre- 
sented by the position given in the chart owing to uncertain field rela- 
tions, and A vice versa. The Newbury volcanic represents a single 
determination and hence the Devonian period is not well defined. The 
close of the Carboniferous and the division between the Cambrian and 
the Ordovician are determined from Schuchert’s data on the sediments. 
No attempt is made here to close the pre-Cambrian other than to sug- 
gest that in all likelihood the Keweenawan bridges this division. In 
accordance with recent authors,?? the latest Keweenawan sediments are 
placed in the lower Cambrian. The term Keweenawan, therefore, should 
not be applied as a separate chronologic unit. The preliminary helium 
results reported by Holmes ** have not been included in Table 2, but even 
though different pieces of a hand specimen were used for the various 
necessary determinations, his results fit well into the scheme. In the 
right-hand column of Table 2 are the results of lead method determina- 
tions on the radioactive minerals which can be placed with some degree of 
certainty in a given geological period. They can be identified by refer- 
ence to Table 3. Probable errors given after each age are repeated dia- 


22C, K. Leith, R. J. Lund, and Andrew Leith: Pre-Cambrian rocks of the Lake Superior region, 
U. 8S. Geol Surv., Prof. Pap. 184 (1935). 

%3E. W. Brown, A. Holmes, A. Knopf, A. F. Kovarik, and C. Schuchert: Physics of the earth. 
IV. The age of the earth, Nat. Res. Council, Bull. 80 (1931) p. 413. A. Holmes (personal com- 
munication) writes ‘‘. . . the felsite tested by Dubey (Bull. 80) may not be as ‘low’ as it appeared 
to be at the time. More recent work has shown that the occurrence is not a plug, but an acid flow 
of very much younger age than the Deccan traps on which it lies.” 
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grammatically on the right side of the helium column. Unfortunately, 
authors have seldom quoted probable errors for lead ratio determinations, 
nor are the ranges of the geological uncertainties indicated. With the 
examination of a suite of Carboniferous and Devonian rocks now made 
possible through the generous cooperation of Bernard Smith, Director, 
Geological Survey of Great Britain, with the establishment of the date 
of the Laramide Revolution and with more determinations in the Cam- 
brian, the second purpose will have been achieved in a broader sense, 
and long distance correlations will be possible. 


COMPATIBILITY OF TIME SCALES 


Geologists will be interested primarily in any device for objective meas- 
urement of the time coordinate insofar as such a device provides a tool 
for correlation purposes. In this respect any method which supplies a 
relative, as opposed to an absolute, scale will suffice, as for example, the 
study of fossils in sedimentary stratigraphy. Table 1 illustrates the fact 
that the helium method does provide such a relative scale for the igneous 
rocks, but if at any time a comparison is to be made with time coordi- 
nates measured by other means, for example, in estimating the compati- 
bility of astronomical and geological history, it at once becomes impera- 
tive to know the correspondence factor between the methods involved; 
or better, to establish the method on an absolute scale. Methods of 
estimating time from geologic evidence will necessarily be based on the 
transference of matter in large aggregates of atoms, i.e., sand grains and 
colloidal suspensions, by such processes as erosion and sedimentation, 
salt concentration changes in waters, and biological evolution. Physical 
methods may be based upon considerations of the behavior of single 
atoms, such as radioactivity, or of the energy of aggregate systems, such 
as heat and gravitation. Erosion and sedimentation may alternate in 
cycles but radioactive disintegration is a unidirectional process. This 
accounts for the fact that time measurements based on this phenomenon 
show the greatest consistency. Nevertheless, a comparison of the radio- 
active time measurements with the evidence presented by the sediments, 
apparently the only geologic evidence offering any hope, is not inapt, 
especially because the work on varves by De Geer and Antevs, Bradley, 
and Korn,” demonstrates the possibility of determining rates of accumu- 


% Ernst Antevs: [The last glaciation, Am. Geog. Soc., Research Ser., no. 17 (1928)] gives a 
bibliography from the work of De Geer presented to the 11th International Geological Congress. 
Both he and De Geer have papers in the compte rendu of the 16th International Geological Congress. 

See also: W. H. Bradley: Non-glacial marine varves, Am. Jour. Sci., 5th ser., vol. 22 (1931) 
p. 318-329. 

W. W. Rubey: Lithologic studies of fine-grained Upper Cretaceous sedimentary rocks of the 
Black Hills region, U. 8S. Geol. Surv., Prof. Pap. 165 (1930) p. 1-54. 

H. Korn: Schichtung und Absolute Zeit, Geol. Rundschau, vol. 26 (1935) p. 137-139. 
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lation of sediments for the particular geologic periods under considera- 
tion. A general reconciliation of the geologic evidence with the radio- 
activity results available at the time was summarized by Schuchert.?5 
There is considerable danger in tabulating the helium and lead scales 
against the sediment scale because the sediment column in Table 3 was 
made by Schuchert to correspond in total length with the radioactive 
evidence (from lead ratios, helium values not being available at that 
time). Bearing this in mind, however, a comparison of the individual 
periods is legitimate. Although the helium and lead methods are based 
fundamentally on the same physical phenomenon—radioactivity—the 
only ultimate difference being in the choice of the end-product used as 
the “clock-hand,” a comparison is invaluable in showing that there is 
no longer any large discrepancy between these time scales, when suitable 
material is chosen for establishing them. For reasons given in Part I 
of this study,?* it is impossible at present to use both methods on the 
same specimen, nor has a radioactive mineral suited to the lead method 
been found, whose age, relative to that of a nearby basic rock suited 
to the helium method, was known from the field relations. In Table 3 
the sediment and helium columns are plotted on the vertical scale in 
millions of years. In the differential diagram in the right-hand column, 
a positive difference denotes an earlier date for a given division between 
periods on the basis of the sediments than on the basis of the helium 
method; a negative difference, a later date. Positions of the “lead ages” 
are shown in the left-hand column.”* The exact positions of these radio- 
active minerals in the geologic column can not always be determined 
from the field relations. For reasons given in Part I of this study, it 
might be expected in general that the lead method would give ages higher 
than the true, and conversely for the helium method. However, the 
general agreement of the two scales does not bear this out. 

The sediment scale shows the close of the Devonian at the same date 
as that given by the helium method for the opening of this period. The 
helium age is based on a single result for the Newbury Volcanic which 
may be somewhat low. On the other hand the Middle Devonian (?) 
Glastonbury lead ratios are also above Schuchert’s close of the Devonian. 


2% Charles Schuchert: Geochronology or the age of the earth on the basis of sediments and life, in 
Physics of the earth. IV. The age of the earth, Nat. Res. Council, Bull. 80 (1931) p. 10-63. 
26 A. C. Lane and W. D. Urry: Ages by the helium thod: I. K ,» Geol. Soc. Am., 
Bull., vol. 46 (1935) p. 1101-1120. 
27E—. W. Brown, A. Holmes, A. Knopf, A. F. Kovarik, and C. Schuchert: Physics of the earth. 
IV. The age of the earth, Nat. Res. Council, Bull. 80 (1931) p. 305-310, 341, 347, 348. 
A. C. Lane: Reports of the National Research Council Committee on measurement of geologic 
time (1931-1935). 
O. B. Muench: Analysis of cyrtolite for lead and uranium, Am. Jour. Sci., 5th ser., vol. 21 
(1931) p. 350-357. 
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The Middle Cambrian also appears to be later as measured by the helium 
method. The Kolm, however—represented by the best age determination 
by the lead method and the only material suited to that method that 
has been precisely dated by geologic evidence—of the middle Upper 
Cambrian corresponds closely to Schuchert’s close of the Cambrian. A 
discrepancy occurs at the opening of the Cambrian, but this is entirely 
due to uncertainty as to how much of the Keweenawan should be termed 
Cambrian. 

Thus the helium method, applicable in great detail to such abundant 
material in the earth’s crust as the basic rocks, which are capable of a 
higher degree of precision in chronological interpolation from the field 
relations than is usually the case with radioactive minerals, adds greatly 
to our data corroborating the absolute value of the radioactive time scale. 


EXTENSION OF APPLICABILITY 


Problems of immediate concern center around the possible extension 
of the method to more acidic rocks in one direction and to coarser mate- 
rial in another. This will be tested by two suites of rocks, all of one age, 
in which one variable at a time is progressively changed. It is desirable 
to investigate the possibilities of determining rates of sedimentation dur- 
ing each period by systematic studies of the age of flows (not sills) 
separated by a known thickness of sediments. The necessary increase 
in accuracy for such an investigation will involve several independent 
analyses from each flow. If such plans are feasible, especially in terrains 
where cross-checking by varves is possible, the data should be of especial 
interest. An extension of the studies to the pre-Cambrian rocks has 
already begun. An investigation of the suitability of chemically precipi- 
tated sediments for these determinations is also projected. 


SUMMARY 


The ages of numerous specimens of fresh igneous rocks obtained by the 
helium method as given in Table 1 are consistent with those obtained 
for radioactive minerals by the lead ratio. (See Tables 1 and 2.) The 
chronological sequence of the rocks investigated is in general agreement 
with the same sequence established from purely geologic data. From 
the helium data it is possible to block out roughly the geologic periods. 
The evidence of the sediments confirms the relative duration of the 
periods, but it must be emphasized that, owing to our present incomplete 
knowledge of changing rates of sedimentation in the past, the sediment 
scale per se should not be regarded as an absolute measure of time. 

From the helium time scale which, it is believed, closely approximates 
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an absolute scale, Tertiary rocks are less than 60 million years old; 
Mesozoic, between 60 and 200 million years; and Paleozoic (including 
Keweenawan), between 200 and 560 million years old. With unknown 
specimens taken in conformity with the conditions of sampling described 
in the Appendix, the application of the helium method can differentiate 
certainly between the eras and in most cases between periods. ‘The posi- 
tion in a given period is not as well defined. 


ACKNOWLEDGMENTS 


It cannot be overemphasized that in a border-line research of this 
nature the close cooperation of geologist, physicist, and chemist is of 
vital importance. It is therefore fitting that all the contributors of 
specimens be regarded as active collaborators, and to them I wish to 
express my indebtedness. To Dr. A. C. Lane I am especially indebted 
for continued help and guidance. 

It is a pleasure once more to express my thanks to the Geological 
Society of America for its continued interest and active financial support 
made possible through the Penrose Bequest. Analyses of doubtful speci- 
mens reported herein, not specifically covered by the terms of the Penrose 
grant, have been financed by a fund made available by the late Everett 
Morss. 

APPENDIX 


DESCRIPTION OF MATERIAL SUITABLE FOR AGE DETERMINATION 


The selected rock should be of a basic type containing less than 65 per 
cent SiO., and as fresh as possible. Limonite stains throughout the hand 
specimen are an important indication of unsuitable material. A rock 
should be fine-grained but not to the extent of having a predominantly 
glassy base. Surface exposures are in most cases unsuitable, leading to 
an uncertainty in the interpretation of the result. The most suitable 
sources of material are outlined below in order of preference. 


Mines.—The best material is from new drift facings as deep as possible 
in the mine and free from circulating waters. Older drifts will often 
yield suitable material. Recent drill cores, but not churn drillings, have 
been successfully employed. 


Quarries—If possible, the quarry should be active and specimens 
should be taken from freshly broken surfaces. Material should not be 
collected if the quarry has been inactive for more than thirty years, 
unless it is possible to blast out a new surface 1 to 2 feet deep. Specimens 
should not be taken within 3 feet of the present topographic surface, 
and a somewhat deeper limit, 8 to 10 feet, is desirable in unglaciated 
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regions. If possible, specimens should be taken from unjointed material. 

Road and railroad cuts——Road cuts are sources of suitable material, 
especially in glaciated regions, if not over four years old. The conditions 
applying to quarry material should be followed in the selection of road 
and railroad cut material. 
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SUMMARY 


For six artificial glasses, for Solenhofen limestone, and for Vinal Haven 
diabase, the compressibility has been measured to a pressure of 10,000 
kg/cm?, combined with temperatures of from 0° to 300° or 400° C. For 
all these materials, except silica glass, the compressibility is found to 
increase with the temperature above about 200°, although in a number 
of cases the behavior below this temperature is more or less complicated. 
The values observed for the diabase are notably lower than any hereto- 
fore recorded for similar rocks; estimates are given of the velocity of 
seismic waves in this diabase at different depths, down to 40 kilometers. 


INTRODUCTION 


The identification of the materials in the invisible regions of the earth’s 


crust depends primarily upon the comparison of values of wave velocities 
(1235) 
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at various depths, as deduced by seismologists, with the values for these 
velocities calculated from the elastic coefficients of rocks, as found in the 
laboratory, and especially from the compressibilities of rocks at high 
pressures. In order to reproduce more closely the physical conditions 
supposed to exist in the outer layers of the crust, an apparatus has been 
developed which permits the combination of moderately high tempera- 
tures with high pressures. This apparatus has been used by. Birch and 
Law‘ for the determination of the compressibilities of several metals 
and glasses at pressures up to 10,000 kg/cm?, combined with temperatures 
up to 300° or 400° C. 

The most surprising result of this initial study was the discovery that 
silica glass showed a large decrease of compressibility as the temperature 
~ increased, amounting to about 10 per cent for 270°; for two other glasses 
a similar but much smaller effect was indicated. In view of the impor- 
tance of the properties of the vitreous state for speculative geology, the 
present writers have extended the measurements upon silica glass to higher 
temperatures and have studied five other artificial glasses. Two crystal- 
line materials, Solenhofen limestone and Vinal Haven olivine diabase, 
have also been studied under the same conditions; the choice of these 
rocks was guided by the desirability of using fine-grained materials in 
order that the small specimens used by the present apparatus might be 
as nearly as possible representative of the massive rocks from which they 
were taken. The diabase is especially interesting as a fresh and perfect 
specimen of the important gabbro clan of igneous rocks. 

This paper presents the second instalment of experimental results 
obtained with the aid of a grant from the Penrose Fund of the Geological 
Society of America, which made possible the two prolonged investiga- 
tions. The writers wish to express their appreciation of this generous 
help. 

PROCEDURE 


The method employed for these measurements has been fully de- 
scribed; ? it is essentially an adaptation for high temperature work of 
the slide-wire piezometer for differential linear compressibility developed 
and extensively used by P. W. Bridgman. Briefly, the specimen, in the 
form of a cylindrical rod, is placed in a thin steel tube; one end of the 
specimen is kept against one end of the tube by a spring. To the other 
end of the specimen is fixed a short piece of high-resistance wire, here 
chromel, which slides over an insulated contact fixed to the steel tube. 
Another contact is soldered to the slide-wire. The steel tube and the 


1Francis Birch and R. R. Law: Measurement of compressibility at high pressures and high tem- 
peratures, Geol. Soc. Am., Bull., vol. 46 (1935) p. 1219-1250. 


2 Ibid, 
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specimen are placed inside a heavy-walled steel pressure chamber, and 
both are exposed to purely hydrostatic pressure, applied in this work by 
nitrogen. The shortening of the specimen relative to the steel tube is indi- 
cated by the change of resistance of that portion of the slide-wire between 
the two contacts. The resistance measurement is made by a potentio- 
metric method, and enables the accurate observation of extremely small 
motions. The only correction of importance is for the effect of pressure 
upon the resistivity of the slide-wire. In this work, this correction was at 
most 7 per cent of the measured differential change of length. To find 
the absolute linear compressibility, a specimen of known compressibility 
is substituted for the unknown specimen. For full details, the reader is 
referred to the paper of Birch and Law already cited. 

The specimens discussed in the present paper were used in lengths of 
12.7 centimeters instead of 4.6 centimeters as in the former paper, and 
with diameters increased from about 0.6 centimeter to 0.8 centimeter. 
A larger pressure cylinder and piezometer were therefore required, but 
the principle was unaltered. Runs were made at various constant tem- 
peratures, the shortening of the specimens being observed as function of 
pressure. 

This extra length resulted in high sensitivity, but due to two kinds of 
disturbance, the precision was not always correspondingly improved. 
The first difficulty was an irregularity of readings caused by small fluctua- 
tions of temperature, which could have been reduced by using more 
elaborate thermostatic arrangements; but since the furnace was likely to 
be destroyed whenever rupture of the pressure cylinder occurred, these 
refinements were not introduced. Furthermore, they could not have been 
fully utilized because of the second difficulty which arose from the nature 
of the materials, or more exactly, from their response to the severe experi- 
mental conditions. At temperatures a little above 300°, nearly all of the 
glasses suffered small permanent decreases of length during some of the 
pressure runs, superimposed upon the elastic change due to the pressure. 
These changes could in most cases be measured after the run with a 
micrometer caliper; they often amounted to several thousandths of an 
inch for five-inch specimens; in general they took place abruptly and at 
the highest pressure, the curve of shortening against pressure continuing 
after displacement parallel to its former trend. There were also cases 
in which gradual shortening may have occurred during the whole run, 
so that the curve for decreasing pressure fell away from the curve for 
increasing pressure; here it was necessary to take an average curve, or 
more often, to repeat the run. This effect was somewhat capricious and 
apparently had little to do with the amount of seasoning the specimen 
had undergone. 
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The temperature of 300° is considerably lower than the annealing range 
for most of these glasses, and the only non-hydrostatic forces applied to 
the specimens were the body force of gravity and the thrust of a small 
spring in the piezometer. The duration of a run was four or five hours 
at the high temperatures, so that actual plastic flow under the feeble 
end thrust is perhaps not inconceivable; on the other hand, the sudden- 
ness of the effect and its usual locus at the highest pressures suggest a 


TasLe 1.—Description of glasses 


Name General Type Silica % | Density 
Soda aluminum borosilicate............... 81 2.244 
Soda potash lime silicate................. 70 2.507 
Soda zinc borosilicate. 68 2.500 
rr Soda lead borosilicate opacified with calcium 

and aluminum fluorides................ 69 2.428 


release of internal strains. It has been found by Bridgman ®* that the 
modulus of rigidity of all of the glasses discussed in this paper (with the 
exception of silica glass, which he did not study) is less at high pressures 
than at low. While there is no direct connection between the modulus 
and the elastic limit, which must be exceeded before permanent set can 
take place, nevertheless this surprising behavior of the modulus suggests 
that the elastic limit also may be lowered by the pressure, or in other 
words, that at high pressure, annealing begins at lower temperatures. 


DESCRIPTION OF MATERIALS 


Through the kindness of Professor P. W. Bridgman, the authors were 
permitted to make specimens from the group of glasses formerly used 
by him for the determination of the change of rigidity under pressure. 
These glasses, known as A, C, D, and E, had been supplied in 1929 
through the courtesy of the Corning Glass Works; for their general 
description and approximate silica content, the writers are indebted to 
Dr. W.C. Taylor, chief chemist of the Corning Glass Works. In addition 
to these four glasses, specimens of silica glass, obtained from the Thermal 
Syndicate, Ltd., and of ordinary laboratory pyrex glass were prepared. 
All of these glass specimens were 12.7 centimeters long. The densities 
were found by Archimedes’ method and, together with the descriptions, 
are given in Table 1. 


3P, W. Bridgman: The effect of pressure on the rigidity of steel and several varieties of glass, 
Am. Acad. Arts and Sci., Pr., vol. 63 (1929) p. 401. 
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In addition to the glasses, Solenhofen limestone, or lithographer’s stone, 
and Vinal Haven diabase were chosen on account of their fineness of 
grain and homogeneity. The diabase was taken from the same block 
from which were made the specimens used by Zisman,‘ who gives the 
following description, with volume percentages of the constituent min- 
erals: labradorite (Abs, An;.) 72; olivine 10; augite (75 per cent heden- 
bergite) 10; hypersthene 2; biotite 3; magnetite 2; uralite, antigorite, 
apatite, hornblende, quartz, and limonite, 1. The texture is ophitic. The 
average lengths of the feldspars, olivines, and augites are respectively 
0.8 millimeter, 0.4 millimeter, and 0.6 millimeter. The thin section shows 
absence of strain. No chemical analysis is available, but the composition 
must be near that of the average olivine diabase. Two specimens were 
made, one 4.6 centimeters long, and one in two pieces, ground flat at the 
ends and held together by a steel sleeve, with a combined length of 12.7 
centimeters. This long one was subsequently broken after several runs, 
but was refinished and brought to a length of 10 centimeters and used 
for several additional runs. The density of this material was found to 
be 2.963. 

The limestone specimen was made from an old lithographic stone; the 
texture was extremely fine and uniform, the color light brown, density 
2.602. A jointed specimen was made in this case also, of three pieces, 
each ground flat at the ends, held together with steel sleeves, the com- 
bined length being 12.7 centimeters. Various analyses of this well-known 
material give the CaCO; content as about 96 per cent, the rest being 
chiefly MgCO, and clay. The diameter of the calcite grains ranges from 
1 to 9 thousandths of a millimeter; the porosity is about 0.6 per cent. 


DETAILED RESULTS 
Wherever possible, the results have been expressed in the form of an 
equation for the relative volume change, given as function of the pressure 
at constant temperature, that is, in the form— 


—(AV/V,) = ap — bp’, 
the coefficients a and b being functions of the temperature. From this 


expression, the compressibility may be obtained by differentiation with 
regard to the pressure; thus the compressibility at the temperature 


tis %=— 7 (2), = a— 2b, where a and b are taken for the tem- 
perature t. The average compressibility to 10,000 kg/cm? is here equal 
to the compressibility at 5000 kg/cm?, or a — 10,000b, and this is de- 


noted by x’:. The average compressibility could be found in some cases 


4W. A. Zisman: Young’s modulus and Poisson's ratio with reference to geophysical applicat 


Nat. Acad. Sci., Pr., vol. 19 (1933) p. 653. 
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where the points were too scattered to permit the curvature to be deduced, 
and it is in general known with greater precision than either of the coeffi- 
cients a or b; it is consequently used for the comparison and plotting 
of the results. 

Throughout this paper, the change of volume is given relatively to the 
volume at 1 atmosphere and room temperature. The compressibility de- 
fined by x= — (2%) may be termed the ordinary compressibility. 
In thermodynamics and elastic theory, the true compressibility, defined 


as — (2) may be required, where V is the volume at the tempera- 
ture and pressure under consideration, instead of V». In the case of 
the glasses, the true compressibility will be nearly 3 per cent greater 
than the ordinary compressibility at 10,000 atmospheres, at room tem- 
perature; at higher temperatures, the increase of volume due to thermal 
expansion offsets this slightly. For the diabase, the difference between 
the ordinary and the true compressibilities is not greater than 1 per cent 
over the range of these experiments. Unless otherwise noted, the unit 
of pressure in this paper is the kilogram/cm*, or kg/cm*, and the com- 
pressibilities are given in reciprocal kg/cm?. 

In the present work, it is necessary to derive the volume changes from 
observed changes of length. For isotropic materials, the effect of hydro- 
static pressure is to reduce all linear dimensions in the same proportion, 
which is related to the accompanyine volume change through the expres- 
sion, (AV/V,) = 3(AL/L,) + 3(AL/L,)? + (AL/L,)*, the cubic term 
being negligible with the present pressure range. The glasses of this paper 
have simply been assumed to be isotropic. The isotropy of the limestone 
was demonstrated by measurements of Young’s modulus of three cylin- 
ders, cut along three orthogonal axes of the limestone block. These meas- 
urements were made by a dynamical method due to Dr. John M. Ide; * 
the authors are greatly indebted to Dr. Ide for determinations of Young’s 
modulus upon the limestone specimens and also upon several samples of 
the diabase. The lengths of the limestone cylinders were 16.96 centimeters, 
14.88 centimeters, and 4.18 centimeters; the values of the modulus were, 
in the same order, 6.27 K 10", 6.27 & 10", and 6.14 & 10", in dynes/cm’, 
the last one, for the shortest cylinder, being the least certain. The depar- 
ture from isotropy must be very small. 

For the diabase, there are the measurements of Zisman,*® who determined 
both Young’s modulus and Poisson’s ratio, by static methods, for three 
cylinders of the same material, cut with their axes mutually perpendicu- 


5J. M. Ide: Some dynamic methods for determination of Young’s modulus, Rev. Sci. Inst., vol. 
6 (1935) p. 296. 
@W. A. Zisman: op. cit. 
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lar. His values for the modulus were 10.20 « 10", 10.25 x10", and 
10.17 X 10", in dynes/cm?. The corresponding values for Poisson’s ratio 
were 0.271, 0.258, and 0.275. These cylinders were much larger than those 
of the present work; in consequence, dynamic measurements were carried 
out for a piece of diabase of the same size as the smallest compressibility 
sample. For this specimen, 4.57 centimenters long and about 6 millimeters 
in diameter, Young’s modulus was found to be 10.7+0.2 X10". For 
the three large cylinders used by Zisman, dynamic measurements gave 


TasLe 2—Collected results for glasses and limestone 


AV 
Vv. x':= a —10,000 b, p in kg/cm? 


t | axior | bx108 | x’x10" Remarks 
Silica glass 
11 24.94 —33.3 28.27 0.2 
100 25.18 —26.7 27.85 0.4 
247 23.79 | —17.3 25.52 0.8 1 point discarded 
390 24.09 | — 6.5 24.74 0.2 Readings to 7000 
Pyrex glass 
5 30.40 | — 0.8 30.48 0.2 2 discards 
100 29.54 — 1.0 29.64 0.2 1 discard 
217 27.35 — 6.7 28 .02 0.6 1 discard 
313 27.28 | — 6.6 27.94 0.8 1 discard, readings to 9000 
385 28.58 1.0 Permanent shortening, readings 
to 7000 
Glass A 
12 30.96 20.4 28.92 0.7 
100 31.45 29.7 28.48 0.3 3 discards 
218 29.54 18.5 27.69 0.4 
231 30.45 22.9 28.16 0.6 
316 32.69 20.1 30.68 0.9 Permanent shortening 
4 discards 
322 32.73 23.1 30.42 0.4 Permanent shortening 
Glass Ci 
8 23.61 47.7 21.84 0.4 
100 24.52 16.7 22.85 0.4 Specimen broken after run 
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10.62 & 10", 10.50 X 10", and 10.46 x 10". For another sample, used 
by Zisman for the determination of compressibility, the dynamic Young’s 
modulus was found to be 9.65 & 10". In spite of this one exceptionally 
low value, it seems legitimate to conclude that this diabase is very nearly 
isotropic, and the volume change has been computed on this basis. 


TaBLe 2—Collected results for glasses and limestone (continued) 


t aX10" | | 
Glass C2 
15 23.66 13.9 22.27 1.4 Increasing p only 
100 24.51 13.1 23.20 0.5 
230 26.60 17.0 24.90 0.9 
313 27.61 15.7 26.04 0.3 Permanent shortening 
4 discards 
Glass D 
9 24.91 | —17.7 26.68 0.4 4 discards 
100 25.78 — 9.2 26.70 0.3 
220 25.23 — 4.2 25.65 0.5 
227 25.45 — 1.2 25.57 0.6 
318 25.909 | — 1.9 26.09 0.5 Readings to 8000 only 
318 25.20 | — 5.4 25.74 0.5 1 discard, permanent shortening 
319 27.16 +11.0 26.06 0.3 3 discards 
Glass E 
7 27.85 — 1.6 28.01 0.3 3 discards 
100 27.54 | — 1.7 27.71 0.2 
27.21 1.2 Deviation computed from aver- 
age line 
316 28.53 — 5.4 29.07 0.4 Permanent shortening 
6 discards 
Limestone 
12.68 0.3 Deviations computed from aver- 
age line throughout 
15.46 Hysteresis loop 
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The results for all the glasses could be adequately represented by the 
equation — (AV/V,) = ap — bp’, and, for these, Table 2 lists the follow- 
ing quantities for each temperature at which a run was made: the tem- 
perature; the coefficients a and b, if the precision permitted; the average 


32 
x! 10” 
GLASS A 
30 
GLASS E 
T Z 
‘gn GLASS D 
26 
24 
fe} 100 200 300 400 


TEMPERATURE 


Ficure 1—Average compressibility, to 10,000 kg/cm*, of glasses A, D, and E as 
function of temperature 


compressibility to 10,000 kg/cm?, or x’: (in em?/kg) ; the mean arithmet- 
ical deviation of the observed points from the smooth curve adopted to 
represent them, given in percentage of the maximum observed effect; and 
any remarks as to the character of the observations which seem pertinent. 
The number of experimental points for one run varied from 12 to 15. 
Unless otherwise stated, all observed points were used in determining the 
various coefficients. The average compressibilities of the glasses, as 
function of temperature, are plotted in Figures 1 and 2. 
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The tables contain nearly all the relevant information for the glasses. 
The first specimen of glass C was accidentally broken after two runs, so 
that a second one, C., was prepared and used for a complete set. The 


32 
30 
PYREX 
28 SO 
SILICA GLASS 
26 
24 
GLASS C 
22 
° 100 200 300 400! 
TEMPERATURE 


Ficure 2—Average compressibility, to 10,000 kg/cm*, of pyrex, silica glass, and 
glass C as function of temperature 


limestone gave rather irregular results, with loops showing a kind of hy- 
steresis, and occasionally a small amount of permanent shortening. Here 
only the average compressibility could be obtained; for convenience, this 
is listed in Table 2 along with the glasses. The runs for the limestone are 
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Taste 3—Olivine diabase, Vinal Haven: Volume changes, F = — 7. x 104 
(a) Long specimen 
5° 100° 316° 416° 
g/cm? 
F AF F AF F AF F AF 
0 0 0 0 0 
11.40 11.35 13.31 14.07 
1 11.40 11.35 13.31 14.07 
10.64 10.43 12.10 12.55 
2 22.04 21.78 25.41 26.62 
10.14 9.81 10.88 11.16 
3 32.18 31.59 36.29 37.78 
9.49 9.25 10.17 10.23 
4 41.67 40.84 46.46 48.01 
9.22 8.79 9.84 9.60 
5 50.89 49.63 56.30 57.61 
9.06 8.54 9.40 8.81 
6 59.95 58.17 65.70 66.42 
8.84 8.25 9.05 8.72 
7 68.79 66.42 74.75 75.14 
8.63 8.15 8.78 8.67 
8 77.42 74.57 83.53 83.81 
8.51 7.95 8.52 8.60 
9 85.93 82.52 92.05 92.41 
8.39 7.72 8.50 8.50 
10 94.32 90.24 100.55 100.91 
Average 
deviation 3.8% 5.1% 3.5% 2.0% 
(b) Short specimen 
18° 100° 243° 
cm 
F AF F AF F AF 
0 
12.57 10.68 12.06 
1 12.57 10.68 12.06 
11.86 10.19 11.20 
2 24.43 20.8 23.26 
10.93 9.67 10.75 
3 35.36 30.54 34.01 
9.54 9.34 10.09 
4 44.90 39.88 44.10 
8.02 8.97 9.75 
5 52.92 48.85 53.85 
7.47 8.79 9.41 
6 60.39 57.64 63.26 
7.73 8.57 9.13 
7 68.12 66.21 72.39 
7.98 8.36 8.90 
8 76.10 74.57 81.29 
8.41 8.2 8.74 
9 84.51 82.78 90.03 
8.50 7.99) 8.44 
10 93.01 90.77 98.47 
Average 
deviation 2.1% 2.5% 2.1% 
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given in the order in which they were made, since after heating to the 
highest temperature an abrupt change was produced in the compressibility 
as found subsequently at lower temperatures. 

The data for the diabase could not be fitted satisfactorily with a two- 
term formula and are consequently shown in tabular form. The depar- 
ture from the quadratic expression is not great except in one case, but it 
is systematic, the volume change being greater at low pressure and smaller 
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Ficure 3—Vinal Haven diabase: average compressibility from 1 to 10,000 kg/cm?, and 
average compressibility from 9,000 to 10,000 kg/cm’, as function of temperature 


at high pressure than would be given by a second-degree formula. In the 
exceptional case, substantiated by three runs, the compressibility at 18° 
first decreased, then increased as the pressure increased. Only one of 
the specimens showed this effect, and it is probably not to be regarded 
as characteristic of the material in general. At higher temperatures, for 
both specimens, the compressibility decreased at all pressures as the pres- 
sure increased. The change of length was read from a smooth curve 
through the corrected observed points at every thousand kg/cm?, and the 
volume change computed as indicated above. The total correction 
amounted to about 7 per cent of the observed effect. In Table 3, for 
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each temperature, the following data are listed: the total relative volume 
change, multiplied by 10‘, from 1 kg/cm? to 1000, 2000, etc.; this is de- 
noted by F; the relative volume change (times 10*) for each additional 
1000 kg/cm, denoted by AF; and the average deviation of the observed 
points from the smooth curve, given as percentage of the maximum ob- 
served effect. Here it is pertinent to point out that, since the average com- 
pressibility of this material is little more than 50 per cent greater than that 


TaBLe 4.—Linear thermal expansion 


Solenholen Vinal Haven diabase 
limestone 
at 1 kg/cm at 1 kg/cm? at 10,000 kg/cm? 
0-100 3.2x10-° 6.2x10-* 7.6X10-% 
100-200 1.5 9.0 tan 
200-300 5.3 9.8 8.5 
12.5 10.7 10.3 
400-500 11.2 11.0 


of the piezometer itself, which is of steel, the final uncertainty on the abso- 
lute compressibility is only about one-third of these percentages, which 
are based on the difference between the compressibility of the diabase and 
that of the piezometer. The column giving the relative volume change 
for each additional thousand kg/em? (or AF) gives also approximately 
the compressibility at the intermediate pressures; thus where F at 4000 
is 41.67 and F at 5000 is 50.89, AF is 9.22, and the average compressibility 
between 4000 and 5000 is 9.22 107; this is also the compressibility at 
about 4500. In Figure 3 is plotted the average compressibility of the 
diabase from 1 to 10,000, and from 9000 to 10,000, as function of the tem- 
perature. In Table 4 values of the thermal expansion at atmospheric pres- 
sure for the limestone and for the diabase are given; these were obtained 
incidentally and lack precision, since the apparatus was not well adapted 
for such determinations. In addition, the thermal expansion of the diabase 
at 10,000 kg/cm? has been computed and is shown in Table 4. 


DISCUSSION AND CONCLUSION 


The results for the glasses support the conclusion that the appearance 
of a negative temperature coefficient of compressibility is possible only 
below a certain temperature, which depends upon the composition of the 
glass. Thus for glasses A, D, and E, this temperature is about 220°, for 
pyrex 270°, while for pure silica glass it lies above 400° and was not 
reached in these experiments. The other glass, C, exhibited a positive 
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and nearly constant temperature coefficient from the beginning. It should 
be noted that an increase of compressibility with temperature means ther- 
mal expansion decreasing with pressure, and conversely, a negative tem- 
perature coefficient of compressibility requires a positive pressure coeffi- 
cient of thermal expansion. 

The shapes of the curves in Figures 1 and 2, the high values of the com- 
pressibilities, and the rapid changes with temperature fit well with the 
conception of an essentially liquid nature for the vitreous state. This 
same sort of irresponsible variation of compressibility with temperature 
has been demonstrated by Bridgman for a number of true liquids at high 
pressures and in the temperature range from 0° to 95°. There is another 
feature of the compressibility of glasses which has, however, no counter- 
part in the behavior of ordinary liquids; this is the increase of compres- 
sibility with pressure already observed by Bridgman for glasses D and E, 
for pyrex, and for silica glass. There seems to be a tendency for this 
abnormality also to disappear at higher temperatures, although the experi- 
mental uncertainty as to the exact value of the curvature is too great to 
permit a more definite statement. In one case, glass D, after a number 
of exposures to a temperature of over 300°, the curvature finally became 
normal; that is, the compressibility decreased with pressure. This sug- 
gests that for glasses in general a rearrangement may take place, resulting 
in the normal behavior with respect to pressure, and that this rearrange- 
ment may be promoted by high temperature; it would probably be encour- 
aged by high pressure also, for it is clear that the compressibility cannot 
continue to increase indefinitely as the pressure increases, since this 
would lead at some finite pressure to a zero volume. This trend of the 
compressibility may of course be abruptly altered by crystallization or 
by some other kind of sudden transition. 

The values of compressibility at low temperatures for these glasses 
agree well with those found for the same or similar glasses by other ob- 
servers. The linear compressibility of all of them has been studied at 30° 
and at 75° by Bridgman;’ the volume compressibility has been deter- 
mined by Adams and Gibson ® for pyrex and for silica glass. The mean 
volume compressibility to 10,000 kg/cm? as given by these observers, and 
also by the present writers, at the temperatures indicated, is shown for 
convenience in Table 5. 


7™P. W. Bridgman: The effect of pressure on the rigidity of steel and several varieties of glass, 
Am. Acad. Arts and Sci., Pr., vol. 63 (1929) p. 401; The compressibility of several artificial and 
natural glasses, Am. Jour. Sci., vol. 10 (1925) p. 539. 

8L. H. Adams and R. E. Gibson: The cubic compressibility of certain substances, Wash. Acad. 
Sci., Jour., vol. 21 (1931) p. 381. 
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For silica glass, it is sow possible to compute the effect of temperature 
at atmospheric pressure, and of pressure at ordinary temperature, upon 
all the elastic moduli. The precise measurements of Horton,’ of the varia- 


Taste 5.—Mean volume compressibility of glasses, x's X 10° (p in kg/cm?) 


Adams and 
Bridgman and 
(25°) OW 


tion of the rigidity of silica glass fibers with temperature, may be com- 
bined with the present observations of the change in compressibility 
with temperature, to give the variation of Young’s modulus and of Pois- 
son’s ratio. The connecting formulas for an isotropic elastic body are 


Rue hem +, — 1 where R is the modulus of rigidity, E is 


3+Rx 
Young’s modulus, and o is Poisson’s ratio. In Table 6 are given the pres- 


ent values for y (the initial compressibility in em?/dyne), the values of R, 
interpolated from Horton’s results, and the derived values of EZ, for each 


Tas_e 6.—Variation of elastic moduli of silica glass with temperature 


t x x10" RX10-4 ExXx10™ E/E, E/E, 
cm?/dyne dynes/cm? dynes/cm? (computed) | (L. A. and 8.) 

0 25.4 2.996 take 1.00 1.00 

100 25.7 3.025 7.20 1.005 1.02 

200 24.8 3.054 7.31 1.020 1.05 

300 24.2 3.083 7.41 1.034 1.07 

400 24. 3.105 7.43 1.037 1.11 


hundred degrees up to 400°. Direct experiments upon the temperature 
variation of E for silica glass are rare; those of Lees, Andrews, and Shave ?° 
give very large temperature coefficients, except in one case (Rod No. 1), 
which affords the (smoothed) results in the last column (marked L. A. 
and 8.) of Table 6. Even for these, the temperature coefficient is about 
three times as great as that found by combining the rigidity and com- 


®F. Horton: On the modulus of torsional rigidity of quartz fibres and its temperature coefficient, 


Roy. Soc. London, Phil. Tr., ser. A, vol. 204 (1905) p. 407. 
10°C, H. Lees, J. P. Andrews, and L. S. Shave: The variation of Young’s modulus at high tem- 


peratures, Phys. Soc. London, Pr., vol. 36 (1924) p. 405. 
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pressibility measurements. The compressibility variation plays a very 
small part in this computation, since Ry is only about 0.75, which is added 
to the constant 3. Conversely, if the change in FE were as great as indi- 
cated by the direct measurements, the change required in x would be 
enormous, supposing that the observations of the change of F are as 
reliable as they appear to be. 

The change of rigidity of silica glass under pressure has not been 
measured; for pyrex glass,” the rigidity decreases by 8.45 per cent for 
10,000 kg/cm?. On the supposition that the decrease for pure silica glass 
is 10 per cent for 10,000 kg/cm?, the decrease in Young’s modulus for 
this pressure will be 12 per cent. At atmospheric pressure, Poisson’s 
ratio is unchanged by temperature up to 400°, remaining at 0.195; at 
30°, a pressure of 10,000 kg/cm? reduces this to 0.165. 

The effect of pressure and of temperature, over a considerable range 
of these variables, upon the elastic coefficients of silica glass is thus the 
reverse of what is found for most substances. The various effects are 
consistent with one another in terms of the elastic theory for isotropic 
bodies, at least with regard to sign. Silica glass becomes less easily de- 
formable as the temperature rises, more easily deformable as the pres- 
sure rises. The effect of combined high temperatures and pressures on 
another elastic modulus will have to be studied before the data for silica 
glass will be complete. Other glasses, with high silica content, share 
certain of these anomalous properties, especially the increase of deform- 
ability under pressure. 

The limestone shows a rapid and closely linear increase of compressi- 
bility with temperature up to about 400°; heating above this point ap- 
parently produced a change in the material, lowering the compressibility 
to another set of values, having nearly the same temperature coefficient. 
On allowing the specimen to stand, the compressibility recovered to an 
intermediate value. The reason for this change has not been found; it 
seems improbable that any considerable dissociation could have taken 
place, or that enough moisture could have been driven off to account for 
the variation. The values obtained are very close to those found by 
Bridgman ** for another sample of Solenhofen limestone; he gives the 
average compressibility to 12,000 kg/cm? as 13.38 « 107 at 30°, and 
13.92 < 10° at 75°. There seem to be no other high pressure measure- 
ments for limestones; Zisman ** gives 23.2 & 107 for the compressibility 


uP. W. Bridgman: The effect of pressure on the rigidity of steel and several varieties of glass, 
Am. Acad. Arts and Sci., Pr., vol. 63 (1929) p. 401. 

2P. W. Bridgman: The thermal conductivity and compressibility of several rocks under high 
pressures, Am. Jour. Sci., vol. 7 (1924) p. 82. 

18W. A. Zisman: Compressibility and anisotropy of rocks at and near the earth’s surface, Nat. 
Acad. Sci., Pr., vol. 19 (1933) p. 666, 
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at 840 kg/cm? of a Pennsylvania limestone containing 17 per cent of 
carbonaceous material, 2 per cent quartz, 1 per cent feldspar. The value 
found for the Solenhofen material at room temperature is of the same 
order as that found for marble by Adams and Williamson,‘ 13.8 & 1077, 
and by Adams, Williamson, and Johnston ** for pure calcite, 13.6 & 107. 

For the seismologist, the most interesting substance dealt with here is 
the olivine diabase. The notable features are (1) the slow increase of 


Taste 7—Compressibility of various diabases (in reciprocal kg/cm*) 


Designation At 2,000 kg/cm? | At 10,000 kg/cm? 
Diabasic basalt (Bridgman).................. 15.1107 12.9107 
Palisades diabase (Adams and Williamson)..... 15.1 12:7 
Whin Sill (Adams and Gibson)............... 16.7 12.4 
Maryland “ 12.1 10.5 
Vinal Haven, 5° (Birch and Dow)............ 10.3 8:3 


compressibility with temperature at high pressures, (2) the rapid decrease 
of compressibility at low pressures as the pressure increases, and (3) the 
low values of compressibility reached at high pressures, at all tempera- 
tures employed. There are a number of minor peculiarities such as the 
curious drop of compressibility at 100° for both specimens and the re- 
versal of the pressure coefficient of compressibility at 18° for one speci- 
men. Measurements at low temperatures have been made by Adams 
and Williamson *® and by Adams and Gibson ** on four other diabases, 
and by Bridgman ** on a diabasic basalt. For convenience of reference, 
their results are listed below, together with the comparable data for the 
Vinal Haven diabase of this paper. 

The Maryland diabase is described as a “very perfect specimen of a 
sound and fresh diabase”; the same statement is true of the Vinal Haven 
specimen. Although the Maryland rock gives values about 20 per cent 
lower than those of the other diabases, the Vinal Haven are 20 per cent 
lower again. The possible range of compressibility for this type of rock 
is thus greatly increased. 


%4L, H. Adams and E. D. Williamson: The compressibility of minerals and rocks at high pressures, 
Franklin Inst., Jour., vol. 195 (1923) p. 475. 

13. H. Adams, E. D. Williamson, and John Johnston: The determination of the compressibility 
of solids at high pressure, Am. Chem. Soc., Jour., vol. 41 (1918) p. 12. 

161. H. Adams and E. D. Williamson: op. cit. 

171. H. Adams and R. E. Gibson: The elastic properties of certain basic rocks and of their 
constituent minerals, Nat. Acad. Sci., Pr., vol. 15 (1929) p. 713. 


1% P, W. Bridgman: op. cit. 
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The question of possible anisotropy of the specimens of the present 
paper has already been discussed. It seems impossible to account for 
the differences between the present values and those for other diabases 
in terms of anisotropy. It should be emphasized here that the present 
paper contains results for two specimens of different lengths, measured 
in different piezometers, with different gauge coils. The general agree- 
ment of these independent sets of measurements, apart from minor fea- 
tures, supports the assumption of isotropy and also gives confidence in 
the absolute values of the compressibility which can scarcely be in error 
by more than two or three per cent. 

Very far-reaching conclusions have been based upon the higher values 
of compressibility hitherto observed for diabases, basalts, and gabbros. 
For example, Adams and Gibson ’® concluded that at the depth of 60 kilo- 
meters in the earth, an ultra-basic rock of the nature of dunite would be 
required to give the wave velocity at that depth found by seismologists, - 
about 7.9 or 8.0 km/sec for the longitudinal waves. Similarly, Jeffreys ° 
has utilized the existing data to deduce the presence of a layer of dunite, 
to the exclusion of any crystalline basalt. No little courage is required to 
extrapolate the formerly existing data to a depth of 60 kilometers; accord- 
ing to Daly * the pressure and temperature at this level are respectively 
17,300 kg/cm? and 1330°, while other estimates give the temperature as 
low as 960°. The present work, employing temperatures as high as 400°, 
covers completely the conditions of the first 15 kilometers alone, on the 
basis of the higher temperature estimate. The compressibility at 30 
kilometers can be estimated within, perhaps, a few per cent, but as to 
the depth of 60 kilometers very little can be said with any pretense to 
accuracy. 

In order to bring the new results to bear as closely as possible upon 
this problem, a curve of compressibility as function of depth, for the 
Vinal Haven diabase, has been prepared, using Daly’s estimates for 
temperature at various depths. The pressures have been computed for 
a sector of the continental crust, taking the density equal to 2.7 at the 
surface, with a linear increase to 2.85 at 25 kilometers, and from there 
down, equal to 3.0. The pressures are thus supposed to correspond to 
the actual pressures at these depths, and are not the pressures which 
would be produced if the entire layer were of diabase. In Table 8 are 
given the pressures and temperatures, the corresponding values of com- 
pressibility, and the derived values for the velocity of longitudinal waves 
in the diabase, taking its initial density as 2.96 and o=0.27. The com- 


19]. H. Adams and R. E. Gibson: op. cit. 
2 Harold Jeffreys: The earth (1929) 2nd ed., Cambridge Univ. Press. 
21R. A. Daly: Igneous rocks and the depths of the earth (1933) p. 237. McGraw-Hill, New York. 
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Ficure 4—Compressibility and velocity of longitudinal waves in Vinal Haven 
diabase, as function of depth in assumed continental crust 
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pressibility and the wave velocity are plotted in Figure 4 against the 
depth. No authority can be claimed for the extension beyond 15 kilo- 
meters, except that this fits smoothly with the more certain data. Since 
the velocity varies as the square root of the reciprocal of the compressi- 
bility, the uncertainty in the velocity is one-half that in the compressi- 
bility. Possible variations of Poisson’s ratio are neglected. 

The compressibility at very low pressures is not given with precision by 
the present measurements, the change being rapid in the first few hundred 


Taste 8—Compressibility and wave velocity in Vinal Haven diabase as function of 
depth in assumed continental crust 


Temper- Density Compres- : 
| of sibility | Velocity 
Diabase xx107 
0 1 10 2.96 13 6.6 
1360 150 2.96 10.5 7.4 
10 2730 285 2.97 10.6 7.3 
15 4120 410 2.97 10.0 7.5 
20 5520 530 2.98 9.6 7.7 
25 6940 645 2.98 9.2 7.85 
30 8440 760 2.99 9.0 7.9 
11440 970 2.99 8.8-8.9 8.0 


atmospheres where no observations were made. Zisman ** gives the values 
14.3 X 107 for the range 0-200 kg/cm?, and 13.0 « 107 for 400-720 
kg/cm?. Using the tangent to the smooth curve at the origin, the present 
measurements give initial compressibilities of 13.5 x 10 for the short 
specimen, 11.8 107 for the other, at room temperature. The dynamic 
values of Ide, referred to above, give 13.2 107 for the initial compres- 
sibility of another small specimen. The approximate value, 13 x 107, 
has been adopted for the table. 

From these figures it appears that the wave velocity at about 40 kilo- 
meters would be around 8 km/sec in this diabase, or, in other words, that 
the presence of similar material at this depth is not excluded by the 
seismological evidence. In this connection, it is interesting to refer to 
a paper of Gutenberg and Richter,?* who state that “the velocity of P- 
waves does not increase or may even decrease slightly at depths between 
40 and 100 km.” A vitreous layer has been postulated at these depths 
by some writers, partly in order to account for this peculiarity of the 
wave velocity; it now seems that a possible alternative would be a layer 
of material with the properties of this crystalline diabase. 


22W. A. Zisman: op. cit. 
23 B. Gutenberg and C. F. Richter: On supposed discontinuities in the mantle of the earth, Seismol. 
Soc. Am., Bull., vol. 21 (1981) p. 216. 
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Thus it is of some importance to know how representative of rocks 
of this general type the Vinal Haven diabase is, and it appears that 
further work on specimens from different localities will be necessary. 
It is conceivable that part of the discrepancy between the present results 
and the older ones may be attributed to the difference in experimental 
procedure. It was found by Adams and Williamson,** and again by 
Zisman,” that the compressibility of a rock exposed to the hydrostatic 
pressure of a liquid was generally less than the compressibility of the 
same rock when the pressure was transmitted through a thin covering 
of metal foil which prevented the entrance of the liquid into the pores. 
This difference, for the two diabases of Adams and Williamson, was 
about 8 per cent for the Sudbury diabase, and over 20 per cent for the 
Palisades diabase, at 2000 atmospheres; at 10,000, the difference had 
apparently changed sign, but this was probably because the sensitivity 
was not high enough to permit the change of compressibility of the 
uncovered rock to be observed. On the other hand, Zisman found that 
for the Vinal Haven diabase, the compressibility of the covered rock 
was as low as that of the uncovered rock at 700 atmospheres. Adams 
and Gibson, in their study of three diabases, found a systematic lowering 
of the compressibility on successive runs with each of the three rocks, 
used uncovered; the change amounted to over 6 per cent in the worst 
case. They supposed that this might be due “to the liquid more com- 
pletely filling the fine pores of the rock by the continued application of 
pressure.” The present work was done with nitrogen as the pressure 
medium; if one supposes that this penetrates the rock completely on the 
first application of pressure, then one may expect to obtain at once the 
minimum possible compressibility. The surprising feature is the magni- 
tude of the difference in the results of the two methods; whatever the 
difference at low pressures, it might be expected to become small at 
10,000 atmospheres. The question can be settled only by applying both 
methods to the same specimen of rock, an experiment which, it is hoped, 
can soon be carried out in this laboratory. 


ACKNOWLEDGMENTS 
It is a pleasure to thank Professor P. W. Bridgman for the glass 
samples of this paper, and for the use of his section of the machine shop 
in the Jefferson Physical Laboratory; and to acknowledge the writers’ 
indebtedness to Professor R. A. Daly for invaluable advice and criticism. 
Harvarp University, Camprivce, Mass. 


MANUSCRIPT RECEIVED BY THE Secretary or THE Society, Fesruary 4, 1936. 
ACCEPTED BY THE CoMMITTEE ON Pusu.iCaATIONS, 1936. 


%1L. H. Adams and E. D. Williamson: op. cit. 


% W. A. Zisman: op. cit. 


4 


2 
ae 
ia 
: 
2 
= 
‘ 
: 
3 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 47, PP. 1257-1342, 2 PLS., 10 FIGS. AUGUST 31, 1936 


REVISION OF TYPE CAMBRIAN FORMATIONS AND SECTIONS 
OF MONTANA AND YELLOWSTONE NATIONAL PARK 


BY CHARLES DEISS 


CONTENTS 

Page 
1260 

Historical summary of Cambrian stratigraphic nomenclature in Montana and 

Cambrian sections in central and southern Montana and Yellowstone National 
Section on north side of Belt Creek valley, Little Belt Mountains......... 1269 
Section on Keegan Butte and South Hill, Little Belt Mountains........... 1274 
Section on north side of Dry Wolf Creek valley, Little Belt Mountains..... 1278 
Section on north side of Yogo Gulch, Little Belt Mountains............... 1283 
Section on north side of Checkerboard Creek, Castle Mountains........... 1286 
Section near Half Moon Pass, Big Snowy Mountains...................4. 1290 
Section on north side of Beaver Creek valley, Big Belt Mountains......... 1295 
Section on north side of upper Beaver Creek valley................ee000- 1300 
Section along Grizzly and Oro Fino gulches, Helena district............... 1303 
Section in vicinity of Nixon Gulch, Three Forks quadrangle............... 1311 

Section on northwest spur of Crowfoot Ridge, Gallatin Range, Yellowstone 


(1257) 


fi 


1258 CHARLES DEISS—TYPE CAMBRIAN FORMATIONS AND SECTIONS 


Page 
ILLUSTRATIONS 
Figure Page 
1. Comparison of Weed’s original and the emended Belt Creek sections........ 1273 
2. Comparison of Weed’s original and the emended Keegan Butte-South Hill 
3. Comparison of Weed’s original and the emended Dry Wolf Creek sections... 1282 
4. Comparison of Weed’s original and the emended Yogo Gulch sections... .. . 1285 
5. Comparison of Weed and Pirsson’s original and the emended Checkerboard 
6. Comparison of Calvert’s original and the emended Half Moon Pass sections. 1294 
7. Comparison of Walcott’s original and the emended Beaver Creek sections... 1301 
8. Comparison of Weed’s original and the emended Helena sections.......... 1308 
9. Comparison of Peale’s original and the emended Three Forks sections. ..... 1317 
10. Comparison of Weed’s original and the emended Crowfoot Ridge sections... 1324 
Plate Facing page 
1. Map of area showing location of geographic and physiographic features... .. 1260 


2. Tentative correlation of emended Cambrian formations in the type sections 1338 


INTRODUCTION 
THE PROBLEM 


The work of investigators, during the past decade, upon the Cambrian 
sediments and fossils of central and southern Montana and northwestern 
Wyoming, has shown conclusively that further productive stratigraphic 
work could not be done until the exact meaning of Weed’s original for- 
mations is made known. Four field seasons in the Rocky Mountains of 
northwestern Montana, and several years’ study of the faunas, plus two 
months in the summer of 1934 comparing the new genera and species 
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directly with the type Cambrian fossils in the United States National 
Museum, forced the writer to the same conclusion. Examination of the 
geologic literature shows that the original definitions of formation names 
were not adhered to by later writers, and that different workers have not 
referred to the same strata by the same names. This confusion of terms 
is reflected in the erroneous assignment of certain species to widely dif- 
ferent formations. 

Data for the solution of five important problems were needed. These 
problems are: (1) where are the original type Cambrian sections and 
type localities of the described formations located; (2) are the forma- 
tions, as originally defined, readily recognizable in the field—i.e., are the 
original definitions valid and usable, or must they be emended or dis- 
carded; (3) are the thicknesses originally given reasonably accurate, 
and are they uniform throughout the area; (4) what are the exact strati- 
graphic horizons within each formation from which fossils are known; 
and (5) what are the more important published species that may be 
used as indices to the different formations. 


FIELD PROCEDURE 


All the literature dealing with the Cambrian geology of Montana 
and Yellowstone Park was examined, and the parts germane to the 
problem were excerpted. These excerpts were then taken into the field 
for direct comparison. 

Eleven sections were measured in detail in order to establish sufficient 
data on which to evaluate the original field work and definitions of for- 
mations. In measuring these sections, direct measurements were made 
of the beds with a steel tape wherever possible. A steel tape was also 
used for traverse distances in obtaining field data for the computation 
of thicknesses of strata where direct measurements were impossible. The 
Richard’s model of the Brunton compass was used for obtaining the 
altitudes of the strata and slope angles, and for traverse bearings. Slope 
angles were read directly in order to eliminate errors inherent to the 
aneroid barometer. 

Computations of thicknesses were checked to within a five per cent 
limit of error by computing the maximum and minimum possible thick- 
ness. This was done by taking the average of the dips, total traverse 
distances, and total of the slope angles; then assuming respectively the 
traverse bearings perpendicular to the strike, and the true deviation from 
the perpendicular to the strike, but omitting the slope angles. In sections 
for which this check did not give a reliable result, an additional section 
was measured in a closely contiguous area. Additional accuracy in de- 
termination of the thickness and exact stratigraphic horizon of fossil 
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zones was obtained by computing each section in the field immediately 
after measurements were made, and before leaving the locality to work 
on the next section. This method allowed immediate remeasurement or 
recheck of any emended section or part which showed a discrepancy when 
the measurements were first checked. 

Finally, fossils were searched for in, and collected only from, the meas- 
ured sections, thus eliminating any possibility of opinion or interpreta- 
tion as to their exact stratigraphic position. Further, the fossil horizons 
were zoned immediately in the computed sections before the latter were 
rechecked. This practice gave a constant and progressive check on the 
relative positions of the same faunas in different sections. 


THE AREA 


The area under consideration is in central and southern Montana just 
west of the central part of the State, and in the northwestern corner 
of Yellowstone Park (Pl. 1). This area lies between meridians 109° 
and 112°30’ west longitude and between parallels 44°30’ and 47°30’ 
north latitude. The Cambrian rocks within the area form a considerable 
part of the Big and Little Belt, Castle, and Big Snowy mountains and of 
the Bridger, Madison, and Gallatin ranges. These rocks are also exposed 
in the Absaroka and Beartooth ranges, and in the Horseshoe Hills of 
Peale* lying between the Bridger Range on the east and the Missouri 
and Gallatin rivers on the west and south. The southern end of the 
Gallatin Range extends into the northwestern corner of Yellowstone Park. 
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HISTORICAL SUMMARY OF CAMBRIAN STRATIGRAPHIC 
NOMENCLATURE IN MONTANA AND YELLOWSTONE NATIONAL PARK 


Although much was known of the general distribution of the Cambrian 
rocks in central and southern Montana by 1880 through the descriptions 
of reconnaissance traverses by Hayden,? Peale,? and Davis,‘ no names 
had been applied to the rocks of this system until 1890. 

Peale,’ in 1890, gave a brief summary table of the formations in the 
Three Forks section, and assigned all Cambian rocks to the Gallatin 
sandstones and overlying Gallatin limestones. In the same table, he used 
the name East Gallatin sandstones for the Beltian rocks in that area, 
although in 1888 Hayden had referred to the East Gallatin group as 
“probably middle Cambrian.” ¢ 

In 1891, Walcott’ discussed the Cambrian formations of the Three 
Forks area, and presented a section of the Cambrian rocks in that area, 
prepared for him by Peale. In this section, Peale again used the names, 
Gallatin sandstones and Gallatin limestones, this time subdividing them 
into members. The Gallatin sandstones he divided into a basal Gallatin 
quartzite, overlain by Gallatin shales; and the Gallatin limestones into 
Trilobite limestones, Obolella shales, Mottled limestones, Dry Creek 
shales, and at the top, the Pebbly limestones. 

Two years later, Peale® published the first detailed stratigraphic 
section of the Cambrian rocks in Montana (Fig. 9). In this paper, he 
changed the names of the formations, substituting Flathead formation 
for Gallatin sandstones, and Gallatin formation for Gallatin limestones. 
In referring to these changes he wrote: 

“The following system of nomenclature for the Paleozoic section was determined 
upon for the contiguous sheets in Montana, after consultation with the members of 


Mr. Arnold Hague’s division. The names given below replace those published on 
page 131 of the 10th Ann. Rept. of the Geological Survey.” ® 


2F, V. Hayden: 6th Ann. Rept. Terr. for 1872, U. 8. Geol. Surv. (1873) p. 71-72, 162-163. 

3A. C. Peale: op. cit., p. 172-174 

4W. M. Davis: Relation of the coal of Montana to the older rocks, U. S. 10th Census, vol. 15 (1886) 
p. 698-703. 

5 A.C. Peale: Administrative report, Mentana Division, U. 8S. Geol. Surv., 10th Ann. Rept., 1888-89 
(1890) p. 131. 

6F, V. Hayden: Administrative report, Montana Division, U. S. Geol. Surv., 7th Ann. Rept., 1885-86 
(1888) p. 86. 

7C. D. Walcott: Correlation papers, Cambrian, U. 8. Geol. Surv., Bull. 81 (1891) p. 324-325. 

8A. C. Peale: The Paleozoic section in the vicinity of Three Forks, Montana, U. 8. Geol. 
Surv., Bull. 110 (1893) 56 pages. 

cit., p. 14. 
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In this way, the names, Flathead and Gallatin formations, were given 
status, and became the first official formational names of the Cambrian 
rocks of Montana. The original definition of the Flathead formation 
stated that it lay between the Belt formation and the Trilobite limestone 
(the basal member of the Gallatin formation), and consisted of the 
Flathead quartzite and the Flathead shales. The Gallatin formation 
was defined as lying upon the Flathead shales and beneath the series 
of black, crystalline, unfossiliferous limestones of uncertain age, but was 
tentatively assigned to the “Devono-Silurian.” The Gallatin formation 
was further defined as consisting of five members from the base upward: 
Trilobite limestones, Obolella shales, Mottled limestones, Dry Creek 
shales, and Pebbly limestones. Thus, Peale’s earlier nomenclature of 
the Three Forks area was followed without change.?° 

In 1894, Iddings and Weed ** adopted the name Flathead formation, 
but substituted the name Gallatin limestone for Gallatin formation, and 
shifted the Trilobite limestones and Obolella shales to the Flathead 
formation. The Gallatin limestone was thereby restricted to include 
only the Mottled limestones, Dry Creek shales, and Pebbly limestones. 
The change was made because the old Gallatin formation of Peale was 
thought (correctly) to include both Upper and Middle Cambrian rocks, 
and was therefore not a natural unit. 

The discrepancies between the Livingston and the Three Forks sec- 
tions can not be corrected at present because the description could not 
be verified in the field. The columnar section is titled Section at Yellow- 
stone Canyon near Livingston.’* The writer tried for two days, without 
success, to locate Iddings’ and Weed’s Livingston section. Cambrian 
rocks are present on the west side of the Yellowstone River, but are so 
intensely faulted and covered with glacial drift that a stratigraphic 
section can not be measured. On the east side of the river and north 
of Suce Creek, identifiable Cambrian strata could not be found. There- 
fore, the Livingston section can not be discussed in this paper. 

In 1896, three papers describing Cambrian rocks of central and south- 
ern Montana were published. In the Three Forks folio, Peale ** described 
the formations as in his earlier paper,’* but in the columnar section he 
followed Iddings and Weed in assigning the “Trilobite limestones and 
Obolella shales” to the Flathead instead of to the Gallatin formation. 


2 A. C. Peale, quoted by C. D. Walcott: Op. cit., p. 324. 

uJ. P. Iddings and W. H. Weed: Livingston atlas sheet, description, U. S. Geol. Surv., Geol. Atlas 
fol. no. 1, columnar sec. (1894) 4 pages. 

12 Ibid. 

313A. C. Peale: Description of the Three Forks sheet, U. 8. Geol. Surv., Geol. Atlas fol. no. 24 
(1896) 5 pages. 

144A. C. Peale: The Paleozoic section in the vicinity of Three Forks, Montana, U. S. Geol. Surv., 
Bull. 110 (1893) p. 20-25. 
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The second paper was by Weed and Pirsson ** who assigned the Cam- 
brian strata of the Castle Mountains to the Flathead formation and the 
Gallatin limestones. They, too, drew the boundary above the Obolella 
shale. Consequently, by 1896 the usage of Iddings and Weed had effec- 
tively supplanted Peale’s original definition of the Flathead and Gallatin 
formations. 

The third paper was by Weed,'* who again drew the line between the 
Gallatin and the Flathead formations at the base of the Mottled lime- 
stones, in Yellowstone Park. 

In 1899, Weed published on the Cambrian in folios 55 and 56, and in 
Monograph 82 of the United States Geological Survey. In the first of 
these, Weed 2” assigned all the Cambrian rocks of the Fort Benton quad- 
rangle to one formation, the Barker, which he divided into seven mem- 
bers, named from the base upward: Flathead sandstone, Wolsey shale, 
Meagher limestone, Park shale, Pilgrim limestone, Dry Creek shale, and 
Yogo limestone (Fig. 1, Fig. 2).. In the Little Belt Mountains folio,'* 
he used the same names, but correlated the lower five members with 
the Flathead formation, and the upper two with the Gallatin lime- 
stone, “of adjacent quadrangles.” Thus, two new elements were added 
to the existing confusion. (1) The term Flathead was now being used 
in both a restricted and a broad sense, and (2) the five new members 
correlated with the Flathead formation greatly changed its content from 
either the original meaning or that employed by Iddings and Weed, Weed 
and Pirsson, and Weed. The equivalent of the Mottled limestones, as 
well as of the Trilobite limestones and the Obolella shales, was added 
to the Flathead formation, thus robbing the original Gallatin limestone 
of its thickest member. 

In his third paper of 1899, Weed ?® used the names for the Cambrian 
formations previously given in folio 30. He also gave a carefully meas- 
ured section on Crowfoot Ridge (Fig. 10), and indicated in the section 
the boundary between the Flathead and Gallatin formations. Weed 
did not follow precisely his original usage of 1894 for the Livingston 
folio, but again drew the boundary between the two formations at the 
base of the Mottled limestone. However, in Yellowstone Park the 
Mottled limestone proper is underlain by 100 feet of limestones that 


15 W. H. Weed and L. V. Pirsson: Geology of the Castle Mountain mining district, Montana, U. 8. 
Geol. Surv., Bull. 139 (1896) p. 34-37. 

16W. H. Weed: Sedimentary rocks; Yellowstone National Park sheets, U. S. Geol. Surv., Geol. 
Atlas fol. no. 30 (1896) p. 4. 

17 W. H. Weed: Description of the Ft. Benton quadrangle, U. S. Geol. Surv., Geol. Atlas fol. no. 55 
(1899) p. 2. 

18 W. H. Weed: Description of the Little Belt Mountains quadrangle, U. S. Geol. Surv., Geol. Atlas 
fol. no. 56 (1899) 9 pages. 

19W. H. Weed: Geology of the Yellowstone National Park, U. S. Geol. Surv., Mon. 32, pt. 2 


(1899) p. 7-9. 
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Weed included in the Flathead formation. He thus drew the formational 
boundary within the limestones he originally called Gallatin in the other 
areas. Nowhere does the massive Mottled limestone rest directly upon 
the Obolella or Park shale, except in the Beaver Creek section, which 
Weed never saw. 

In 1900, Weed ?° made three important contributions to the Cambrian 
nomenclature of central and southern Montana. (1) The original mem- 
bers of the Barker formation of the Fort Benton and the Little Belt 
Mountains areas were raised to formational rank. From the base upward 
these formations are: Flathead, Wolsey, Meagher, Park, Pilgrim, Dry 
Creek, and Yogo. (2) These seven formations were defined, sections 
of each were given (Figs. 1-4), and the names were established offi- 
cially as the standard for central Montana, replacing the descriptive 
names Flathead shales, Trilobite limestones, Obolella shales, Mottled 
limestones, and Pebbly limestones. The name Flathead was thus retained 
for the basal arenaceous formation, and the name Dry Creek for the 
upper shale formation. (3) The new formation names were applied by 
correlation in all the different sections, previously published, in central 
and southern Montana. 

Although Walcott was in error in thinking the formations all Middle 
Cambrian,” the revision eliminated much of the confusion which had 
prevailed during the previous six years. 

In making these changes in nomenclature, Weed said: “The beds thus grouped show 
well defined lithological subdivisions, and in the ranges to the south and in the 
Yellowstone Park have been subdivided into two formations. This subdivision is, 
however, unsatisfactory; and since a careful study of the fossils found by Mr. Walcott 
shows that the forms are all Middle Cambrian species, the writer has divided the rocks 
of this age into the following formations.” * 


That both Middle and Upper Cambrian time are represented in central 
and southern Montana is now well established, although the exact bound- 
ary is still doubtful. Nevertheless, if the workers since 1900 had rigidly 
adhered to the formational names established by Weed, much of the 
confusion and subsequent errors would have been prevented. 

The papers of Walcott dealing with Cambrian problems in Montana, 
published between the years 1900 and 1915, contained only one measured 
section, that of Dearborn River.** The section contains no new forma- 
tional names and lies outside the area under discussion. Walcott’s prin- 


2 W. H. Weed: Geology of the Little Belt Mountains, Montana, U. S. Geol. Surv., 20th Ann. 
Rept., pt. 3 (1900) p. 257-461. 

2C. D. Walcott, stated by W. H. Weed: Geology of the Little Belt Mountains, Montana, U. 8. 
Geol Surv., 20th Ann. Rept., pt. 3 (1900) p. 284. 

2 Ibid. 

%C. D. Walcott: Cambrian sections of the Cordilleran area, Smithson. Misc. Coll., vol. 53, no. 5 
(1908) p. 200-203. 
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cipal contributions to Montana Cambrian problems during this fifteen- 
year period were to the paleontology of the northwestern part of the state. 

The excellent work of Emmons and Calkins *‘ on the structural geology 
and areal mapping of the Cambrian formations in the Philipsburg quad- 
rangle also is not pertinent to the present discussion, because that area 
lies to the west of the one under consideration. 

In 1912, Willis *° introduced confusion. He first quoted Peale’s section 
as given by Walcott *° in 1891, and noted that in 1893 Peale?’ changed 
the name Gallatin sandstones to Flathead formation. Willis then cor- 
rectly stated that the name Flathead is now restricted to the basal 
quartzite, and that the overlying shale is named Wolsey. The impli- 
cation is thus made that the type locality of the Flathead and the Wolsey 
formations is in the Three Forks area of Peale. This statement was 
followed by the erroneous one: 


“The latter two formations (Flathead and Wolsey) and the overlying limestone 
(Trilobite limestones or Gallatan limetone?) were measured in detail on Crowfoot 
Ridge in the Yellowstone Park by Iddings and Weed, and the result is given in their 
Monograph on the Park.” * [The parentheses are the writer’s.] 


Iddings and Weed did not use the term Wolsey anywhere in Monograph 
32, nor did they use the term Flathead in Weed’s sense of 1900. Further, 
although they used the name Gallatin for the Upper Cambrian forma- 
tion in Yellowstone Park, they did not use it for the same rocks that 
Peale did in the section quoted by Willis, and they never used the name 
Trilobite limestone in the Yellowstone Park Monograph. The revival 
of the invalid term Gallatin limestones was also unfortunate. In the 
same paper, Willis quoted Walcott’s statement that the Cambrian rocks 
of Yellowstone National Park are of Upper and Middle Cambrian age, 
thus assigning the Gallatin limestones to the Upper Cambrian. He also 
quoted Walcott’s later statement that the rocks in the Little Belt Moun- 
tains were Middle Cambrian only,”® but failed to point out that Walcott 
also believed, in 1900, that the Gallatin limestones of Peale were Middle 
instead of Upper Cambrian, and that the name Gallatin should be dis- 
carded. Consequently, by 1912, not only was the original confusion of 
names revived, but Walcott’s error in assigning all rocks of central and 


2% W. H. Emmons and F. C. Calkins: Geology and ore deposits of the Philipsburg quadrangle, 
Montana, U. 8. Geol. Surv., Prof. Pap. 78 (1913) 271 pages. 

% Bailey Willis: Inder to the stratigraphy of North America, U. S. Geol. Surv., Prof. Pap. 71 (1912) 
p. 127-128. 

2% C, D. Walcott: Correlation papers, Cambrian, U. S. Geol. Surv., Bull. 81 (1891) p. 324. 

7A. C. Peale: The Paleozoic section in the vicinity of Three Forks, Montana, U. 8S. Geol. Surv., 
Bull. 110 (1893) p. 14, 20. 

2 Bailey Willis: op..cit., p. 127. 

2C. D. Walcott, quoted by W. H. Weed: Geology of the Little Belt Mountains, Montana, U. 8. 
Geol. Surv., 20th Ann. Rept., pt. 3 (1900) p. 284. 
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southern Montana to the Middle Cambrian became a source of much 
additional misunderstanding. 

In 1913, Knopf published his report on the ore deposits of the Helena 
mining district in which he quoted from an unpublished manuscript of 
Weed.*® Weed divided the Cambrian rocks of the Helena district into 
seven formations, using his names as in the Little Belt Mountains 
(Fig. 8). He said, “All these formations except the uppermost—the Yogo 
limestone—are of Middle Cambrian age; the Yogo limestone is of Middle 
Cambrian and Upper Cambrian age according to Walcott.” ** Weed 
then subdivided the Cambrian rocks of the Helena district into two carto- 
graphic units, and mapped the Flathead sandstone as one, and the upper 
six as the other. Instead of referring to his basal formation as Flathead 
sandstone as in his original definition of the formation, he referred to 
it as the Flathead quartzite, thus reviving Peale’s old name. 

In 1916, two papers were published that dealt with the Cambrian 
rocks of the area. The first of these, by Walcott,** gave two new sections 
of Cambrian rocks. In one section, measured on the north side of Beaver 
Creek in the Big Belt Mountains (Pl. 1 and Fig. 7), Walcott divided 
the rocks into five formations, using Weed’s names: Flathead sandstone, 
Wolsey shales, Meagher limestones, Park shales, and Pilgrim limestones. 
The other section was quoted from an unpublished manuscript by Cal- 
vert,** and dealt with the rocks at the head of Swimming Woman Creek 
in the Big Snowy Mountains (Pl. 1 and Fig. 6). In this section the 
Cambrian rocks were divided into three formations for which the 
names Flathead quartzite, Wolsey shale, and Meagher limestone, re- 
spectively, were used. Here again is the same looseness in use of the 
name Flathead quartzite for Flathead sandstone. A more serious error 
was made in the correlation of the formations with those in the Little 
Belt Mountains. The limestones which Calvert called Meagher contain 
Upper Cambrian fossils, and are underlain by shales which contain fossils 
similar to those of the Park formation in the Little Belt Mountains. 

The other paper published in 1916 was by Haynes,** who used Weed’s 
formational names as members of the obsolete Flathead and Gallatin 
formations of Peale. 

The following year, Tomlinson ** discussed the Paleozoic stratigraphy 


30 W. H. Weed, quoted by Adolph Knopf: Ore deposits of the Helena mining district, Montana, 
U. 8. Geol. Surv., Bull. 527 (1913) p. 89-91, map. 

31 Op. cit., p. 89. 

%2C. D. Walcott: Relations between the Cambrian and pre-Cambrian formations in the vicinity of 
Helena, Montana, Smithson. Misc. Coll., vol. 64, no. 4 (1916) p. 259-302. 

83 W. R. Calvert, quoted by C. D. Walcott: op. cit., p. 274-275. 

*% W. P. Haynes: The Lombard overthrust and related geological features, Jour. Geol., vol. 24 (1916) 
p. 269-290. 

%3C. W. Tomlinson: The Middle Paleozoic stratigraphy of the central Rocky Mountain region, Jour. 
Geol., vol. 25 (1917) p. 112-134, 244-257, 373, 394. 
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of Nevada, Utah, Colorado, Idaho, Wyoming, and southern Montana; 
used the terms Gallatin formation and Mottled limestone; and stated 
that the Mottled limestone was correlated by Weed with the Pilgrim lime- 
stone of the Little Belt Mountains.** Instead, as repeatedly noted, Weed, 
in 1900, dropped the name Mottled limestone and assigned, by correlation, 
his formational name Pilgrim to these limestones of Peale’s section. 

In 1918, Blackwelder briefly discussed the problem of Cambrian nomen- 
clature in Montana, as follows: 


“In Peale’s original description of the Threeforks (Montana) section, the Cambrian 
was divided into the Flathead quartzite, Flathead shale, and Gallatin limestone. 
Later Hague and his associates used the same terms, but restricted the Gallatin to 
narrower limits. The term Flathead has now been reserved for the basal sandstone 
or quartzite. The use of the term Gallatin has been established in Hague’s modified 
sense; but the present writer does not concur, because he believes Peale’s original 
usage should have been preserved.” ” 


Blackwelder’s statement that Peale originally divided the Cambrian 
into Flathead quartzite, Flathead shale, and Gallatin limestone intro- 
duced a new element of confusion because such usage clearly implied equal 
rank for the three names. Peale carefully used the first two terms as 
members of his Flathead formation, and the five terms (Trilobite lime- 
stones, Obolella shales, Mottled limestones, Dry Creek shales, and Pebbly 
limestones) as members of his Gallatin formation. Blackwelder’s next 
statement that “the Flathead has now been reserved for the basal sand- 
stone or quartzite” indicated clearly his acceptance (correctly) of Weed’s 
use of the term as a formational and not as a member name. Black- 
welder then made the statement, quoted, which contains two errors: 
(1) that the modified use of the term Gallatin by Hague and his associates 
(strictly Weed) has been established; and (2) that Peale’s original defini- 
tion of Gallatin formation may be reestablished. The latter suggestion 
was made without giving any reasons and ignored the fact known in 1918 
that the original Gallatin formation of Peale contained both Middle and 
Upper Cambrian rocks. In his type section of the Gros Ventre forma- 
tion, Blackwelder, instead of following his own suggestion to use Peale’s 
original meaning of Gallatin, actually followed Weed’s restricted usage, 
as he assigned the equivalent of the Park shale and Meagher limestone 
to the Gros Ventre formation. 

In 1932, Resser and Bridge ** gave a generalized section for south- 
western Montana in which Weed’s formational names of 1900 were used. 
However, the name Gallatin was revived, but this time as a group name, 


36 Op. cit., p. 244. 
87 Eliot Blackwelder: New geological formations in western Wyoming, Wash. Acad. Sci., Jour., vol. 8, 


no. 13 (1918) p. 417-418. 
88C, E. Resser and Josiah Bridge: Tentative correlation of the Cambrian formations, 16th. Intern. 


Geol. Congr., Guidebook. 29 (1932) pl. I. 
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and was slightly modified to include unnamed Cambrian rocks supposedly 
younger than the Yogo limestone. This was a new combination of terms 
and a new attempt at an interpretation of the problem, in that the names 
of Weed were accepted correctly as of formational rank. 

The last paper known to the writer, in which the old terms Flathead 
and Gallatin formations are used, was written by Tansley and Schafer.*® 
They referred to the basal Cambrian member as the Flathead quartzite, 
and the overlying one as Flathead shale. The overlying Cambrian lime- 
stones were combined under the name Gallatin formation, thus following 
Peale’s original definition of these terms. 


CAMBRIAN SECTIONS IN CENTRAL AND SOUTHERN MONTANA AND 
YELLOWSTONE NATIONAL PARK 


GENERAL STATEMENT 


The confusion of nomenclature discussed in the foregoing pages can 
not be clarified by a study of the literature alone because of inaccuracies 
in the field work of Peale and Weed. Likewise, study of the fossils only, 
collected by Peale, Weed, Walcott, Calvert, and other later workers, in 
central and southern Montana, can not solve this complex problem, as 
many of the fossils were assigned by their collectors to the wrong forma- 
tions, and other lots were collected from several formations, lumped to- 
gether, and assigned to one formation. Such errors in the paleontologic 
literature of Montana and Yellowstone Park are so numerous that today 
the horizons which were assigned to the described fossils are essentially 
meaningless in many cases, and doubtful in nearly all others. In fact, 
the situation is so chaotic that many of the described fossils obscure in- 
stead of clarify the more important problems of Cambrian stratigraphy 
within the area. 

By 1934, the fact was clear that the only possible solution to the dual 
problem of nomenclature and correlation of the Cambrian formations 
in central Montana and Yellowstone Park lay in carefully remeasuring, 
rechecking, and emending Weed’s sections and formations. Further, if 
the stratigraphic horizons of fossils incorrectly assigned to formations 
were to be corrected, new collections would have to be made, and the 
fossils carefully zoned within the remeasured sections. The writer did 
this field work in 1935, and the results form the bases of this paper. 

Eleven sections were measured in detail, ten of which are shown graphi- 
cally as parts of Figures 1 to 10 and Plate 2. These sections are arranged 
according to their geographic position within the area. On this basis the 
first four sections, Belt Creek, Keegan Butte-South Hill, Dry Wolf Creek, 
and Yogo Gulch are in the north-central part of the area in the Little 


89 Wilfred Tansley and P. A. Schafer: A geological reconnaissance of the Tobacco Root Mountains, 
Madison County, Montana, Mont. Bur. Mines Geol., Mem. 9 (1933) p. 12. 


i 
a 
te 
es 
“4 
ia 


mee 


~ 


SECTIONS IN MONTANA AND YELLOWSTONE NATIONAL PARK 1269 


Belt Mountains; the fifth section, Checkerboard Creek, is immediately 
to the south in the Castle Mountains; the sixth section, Half Moon Pass, 
is in the northeastern part of the area in the Big Snowy Mountains; the 
seventh, eighth, and ninth sections, Beaver Creek, Upper Beaver Creek, 
and Helena (Grizzly-Oro Fino gulches), are in the northwestern and 
western part of the area in the Big Belt Mountains and to the west of 
them; the tenth section, Three Forks, is in the southwestern part of the 
area; and the eleventh section, Crowfoot Ridge, is in the extreme south- 
western corner of the area in the southern part of the Gallatin Range. 

In the emended detailed sections, the number of inches in each forma- 
tion has been adjusted to the nearest foot in order to retain the total thick- 
ness in feet only. The fossil locality numbers given in the following sec- 
tions are those of the Montana Bureau of Mines and Geology. These 
numbers are inserted in the sections in order that they may be referred 
to in the future when fossils are described. 


SECTION ON NORTH SIDE OF BELT CREEK VALLEY, LITTLE BELT MOUNTAINS 


The following section was measured 314 to 514 miles southeast of Mon- 
arch, on the cliffs and slopes which form the lower middle part of the 
north side of Belt Creek valley, in the NE. 14 sec. 14, the SW. % sec. 18, 
the N. 1% sec. 24, and the SE. 4 sec. 25, T. 15 N., R. 7 E., near the north 
edge of the Little Belt Mountains, in Cascade County. Weed gave the 
locality of his Monarch (Belt Creek) section as: “Section of beds exposed 
north of Belt Creek, 8 miles south of Monarch.” *° Only Archean rocks, 
as indicated correctly on Weed’s geological map, are present from 514 to 
12 miles south of Monarch along Belt Creek. 


DEVONIAN Feet 
Limestone: drab-brown, massive, petroliferous, extremely 
thick-bedded, vitreous, dolomitic; weathers drab- 
brown; forms sheer, massive clifis................... 55 
Note: This is the Devonian-Cambrian contact and 
top of the Yogo of Weed’s section. 
Limestone: gray and tan, thick- and thin-bedded (2 to 10 
inches), hard; weathers to bright-buff cliffs below 
Limestone: tan-gray and white-gray, massive, hard, thick- 
and thin-bedded, generally crystalline; black chert 
nodules as much as 4 by 15 inches; weathers to white- 
gray and tan cliffs. Stromatopora numerous in middle 
Limestone: tan-brown, massive, flaggy, thin-bedded; 
weathers tan and buff. Upper 12-inch bed, chocolate- 
gray, hard, petroliferous, fine-grained; weathers pale- 
«0 W. H. Weed: Geology of the Little Belt Mountains, Montana, U. 8. Geol. Surv., 20th Ann. Rept., 
pt. 3 (1900) p. 363. 
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Limestone: gray to chocolate-gray, massive, thick-bedded ; 
exhibits wavy gray bands; weathers gray; forms steep 

Limestone: tan to buff-gray; flaggy, granular, thin-bedded, 
and buff-weathering in upper half; massive, thick- 
bedded (as much as 14 inches), and contains irregular 
dark-gray lumps of limestone as much as % inch in 

Limestone: pale-gray to dark-gray, argillaceous, dolo- 
mitic, thick- and thin-bedded (% to 18 inches) ; occa- 
sional bed petroliferous; weathers buff-gray and 

Limestone: black-gray, fine-grained, extremely petrolifer- 
ous, hard; beds 1 to 4 inches in thickness............ 


Total thickness of Devonian measured.................... 
Devonian limestone included as Yogo by Weed in his 


UPPER CAMBRIAN 


Dry Creek shale 

Limestone: cream-buff, shaly; occasional thick beds of 
crystalline limestone in upper 4 feet; one 18-inch 
pale-gray bed at base forming ledge above sill...... 

Gabbro-diorite: green-gray, finely crystalline; contains in- 
clusions? of calcite; forms sill...................... 

Shale and limestone: red and green, massive, lumpy to 
fissile, calcareous shale, and 2-foot zone of gray, 
crystalline, white-gray weathering limestone near 

Mudstone and limestone: bright-red and some green, un- 
bedded or poorly bedded calcareous mudstone and 
shale. Red and green-gray, crystalline limestone 
containing intraformational conglomerate pebbles in 
upper and lower parts of interval................... 


Total thickness of Dry Creek formation (sill excluded). . 


Pilgrim limestone 

Limestone and shale: gray, crystalline, generally thin- 
bedded, flaggy limestone interbedded with green fissile 
shale, and occasional beds of intraformational con- 
glomerate containing pebbles as much as 2% inches in 
diameter. Occasional lenses of odlitic limestone, and 

Conglomerate, limestone, and shale: intraformational con- 
glomerate in beds 8 to 15 inches in thickness, sepa- 
rated by green-gray shale and shaly limestones 1 to 
5 inches in thickness. Beds weather gray and pink 
spotted. Pebbles in conglomerates as much as 6 inches 
but generally less than 3 inches in length, and % inch 


Feet 


21 


10 


22% 
1% 


193 


138 


20% 


18 


11% 


71 


8% 


: 


BELT CREEK VALLEY, LITTLE BELT MOUNTAINS 


in width. Rare trilobite and brachiopod fragments. 
Interval contains more shale, and is thinner-bedded 
Limestone: pale-gray, massive, nearly lithographic, 
banded with more or less siliceous clay which weathers 
to wavy %e- to %-inch green-brown ridges.......... 
Diorite: sill exhibiting some dike characteristics; cross- 
cutting here. Thickness varies greatly in different 
Limestone: green-gray, extremely massive but thin- 
bedded (4% to 1 inch) ; contains green bands of harder 
limestone which weather rusty-brown and as much as 


Total thickness of Pilgrim measurable here (sill excluded) 


Covered interval 


Shale and limestone: down slope over soil of mixed lime- 
stones and fissile shales. Probably Park shales and 
upper Pilgrim limestones. Beds approximately 

Shale: down slope over green and maroon, micaceous 
fissile shale. No good outcrops even in gully bot- 
toms. At elev. 5020 is poor exposure of maroon and 
green-gray fissile 


Total thickness of covered beds estimated............... 
Total thickness of Upper Cambrian....................... 


MIDDLE CAMBRIAN 


The following incomplete section of Flathead was 
measured from the Archean contact, 40 to 50 feet 
above the railroad track, on the spur one-half mile 
north of the mouth of Hoover Creek and 5% miles 
S. 35° E. of Monarch, in Belt Creek valley. No 
Wolsey crops out in this section, but is exposed in 
the next gulch half a mile east. 

Flathead sandstone (type locality) 

Basic diorite: sill caps section and hill here. Estimated 

Sandstone: tan-buff and red, quartzitic, micaceous, thin- 
bedded but massive; contains tan and red quartz peb- 
bles as much as % inch in diameter and concentrated 
into lenses in lower part of interval. Upper two- 
thirds of this interval much covered................ 

Sandstone: cream-buff, thin-bedded; banded maroon; 
weathers white-cream stained maroon. Lower part 

Sandstone: buff-tan, brown, and some purple, thin-bedded 
(1 to 2 inches), coarse-grained; few pebbles........ 


Feet 


36% 


12 


93 


190+ 


430 


108 


32 
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Sandstone: brown and tan-red, massive, coarse-grained, Feet 
quartzitic; contains numerous rounded, pure, glassy 
quartz pebbles % to % inch in diameter. Upper 
and lower parts of interval covered................. 88 
Quartzite: rusty-red and tan, massive, cross-bedded, 
coarse-grained; contains several 1 to 1%-inch streaks 
of hematitic sandstone; weathers rusty-dirty-brown. 
Quartz pebbles as much as % inch in diameter in 
upper five feet; none in basal part.................. 10 


Total thickness of Middle Cambrian measured (sill ex- 
Total thickness of composite section measured and estimated 
Total thickness of composite Cambrian section measured (sills 


Total thickness of igneous rocks in section.................. 93 


The Belt Creek section does not exhibit a continuous exposure, in 
fact more than half of it is covered. The Wolsey, Meagher, Park, and 
lower part of the Pilgrim are almost entirely covered. Weed indicated 
only part of this condition by saying: 


“Owing to landslips the shale formation above the basal sandstone series is not 
well exposed, but it can not be very different from that of Keegan Butte.” “ 


In that statement, however, Weed inferred that the Meagher limestone 
and Park shale are exposed north of Belt Creek. 

The highest beds containing Cambrian fossils are those two to four 
inches above the base of the Dry Creek shale, where rare, incomplete 
trilobite cranidia are present. On the other hand, numerous Devonian 
Stromatopora, similar to those commonly found in rocks of this age 
throughout the mountains of western Montana, occur 30 to 52 feet below 
the top of the rocks Weed called Yogo in his Belt Creek section. Similar 
petroliferous beds extend 80 feet downward, and lie upon cream-buff, 
argillaceous limestone typical of the Dry Creek formation everywhere in 
the area. The Cambrian-Devonian boundary is tentatively drawn at 
the base of the first petroliferous limestone. One fact is reasonably cer- 
tain—there are no Cambrian fossils above the base of the Dry Creek 
shale. Consequently there are no beds which can possibly be called Cam- 
brian, and therefore Yogo, above the Dry Creek in the Belt Creek section 
(p. 1283, 1285). This point is important in the Yogo problem, because, 
in his definition of the Yogo limestone, Weed *? mentioned the Belt Creek 
section only, and thereby indicated it as the type of the Yogo formation. 


41 W. H. Weed: Geology of the Little Belt Mountains, Montana, U. 8. Geol. Surv., 20th Ann. Rept., 
pt. 3 (1900) p. 363. 
#2 Op. cit., p. 286. 
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BELT CREEK VALLEY, LITTLE BELT MOUNTAINS 


BELT CREEK SECTION 


ORIGINAL SECTION 


LITTLE BELT MOUNTAINS. 


WEED 1900 


EMENDED SECTION 


DEVONIAN 


YOGO LIMESTONE 


183 FEET 


DEVONIAN 


DEVONIAN LIMESTONE 
YOGO IN PART OF WEED 


ORY CREEK SHALE 


ORY CREEK SHALE 


137 FEET 


> 


PILGRIM LIMESTONE 


sft 


PARK SHALE 


600 FEET 


“OBSCURED BY LANDSLIPS" 


MEAGHER LIMESTONE NO FEET 
WOLSEY SHALE === === 126 FeeT 
ARCHEAN 


ARCHEAN 
= 


PILGRIM LIMESTONE 


INTERVAL LARGELY 


COVERED. INCLUDES 


LOWER PILGRIM PARK 


MEAGHER AND WOLSEY 


FORMATIONS 


136 FEET 


= 69 FEET 


8 FEET 


FLATHEAD SANDSTONE 


625 FEET 


ESTIMATED BY 


COMPARISON WITH 


KEEGAN BUTTE 


SECTION 


243 FEET 


Ficure 1—Comparison of Weed’s original and the emended Belt Creek sections 


Finally, the Dry Creek formation forms a natural lithologic unit in the 
section, as it does elsewhere in the area, and it can not be divided into 
two formations upon lithic characteristics. 

Weed took the names Flathead and Dry Creek for two of his forma- 
tions in the Little Belt Mountains from Peale’s Three Forks section.** 
By using the name Flathead, Weed created confusion in nomenclature, 
but not in the stratigraphy, because he neither stated nor implied that the 
type section of Peale’s Flathead quartzite member was the type of the 


483A. C. Peale: The Paleozoic section in the vicinity of Three Forks, Montana, U. S. Geol. Surv., 
Bull. 110 (1893) p. 20, 24. 
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Flathead sandstone (formation) in the Little Belt Mountains. On the 
contrary, Weed ** gave his Belt Creek section as part of his definition 
of the formation, and thereby indicated it as the type of his Flathead 
sandstone. Comparison of the original and emended Belt Creek sections 
(Fig. 1) shows a sill at the top instead of near the bottom in the latter 
section, and a thickness of 243 feet instead of 168 feet (sills excluded in 
both cases). In this section the Flathead sandstone is incompletely ex- 
posed, and the contact with the Wolsey shale is covered. Nevertheless, 
it is the best known section of the basal Cambrian formation in the Little 
Belt Mountains, and its relationship with the Wolsey is clear. For these 
reasons and because Weed indicated the Belt Creek section as the type, 
the emended one is retained in that capacity for the Flathead sandstone. 


SECTION ON KEEGAN BUTTE AND SOUTH HILL, LITTLE BELT MOUNTAINS 


Keegan Butte is in the W. % sec. 3, T. 14 N., R. 7 E., and the isolated 
hill immediately to the south, called South Hill in this paper, is in the 
central part of Sec. 15, in the same township and range. These two 
rounded hills rise above the surface of Belt Park, and are separated by 
only a small valley. Keegan Butte is near the southern edge of the Fort 
Benton quadrangle, and South Hill is near the northern edge of the Little 
Belt Mountains quadrangle. Both are from 4 to 6 miles west of the 
Belt Creek section. 


UPPER CAMBRIAN Feet 

Dry Creek shale 

Limestone and shale: green-gray and maroon, 
argillaceous, irregularly bedded limestone, oc- 
casionally mottled green-gray and buff; inter- 
bedded with maroon, calcareous, lumpy to 
platy shale, and occasional green, thin, fissile 
shale partings. Interval weathers maroon and 
forms cap on Keegan Butte................... 10% 

Shale, limestone, and conglomerate: maroon and 
green, iumpy, calcareous shale; gray to tan, 
irregularly bedded, rusty-brown weathering 
limestone; and green and tan-buff hard intra- 
formational conglomerate. Bright dark-green 
glauconite grains in thin lenses in conglomerate 


Thickness of Dry Creek shale on Keegan Butte. . 17 


Pilgrim limestone 

Conglomerate: one bed; green and gray, hard, intra- 
formational; weathers green-gray and to occa- 
sional maroon spots. Rests upon cap-rock of 


“W. H. Weed: op. cit., p. 285. 
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Limestone: gray, crystalline, thin and irregularly 
bedded; mottled green, red and gray on fresh 
fracture; weathers pale-gray. Occasional flakes 
and nodules of buff, sandy clay on bedding sur- 
faces, and few irregular limestone pebbles...... 

Limestone, conglomerate, and shale: gray and green- 
gray, irregularly bedded, crystalline, fine-grained 
limestone; green and red, rounded limestone 
pebbles on bedding surfaces of some layers; all 
intercalated with olive-gray, calcareous shale 
in beds % to 2 inches in thickness. Occasional 

Limestone and conglomerate: similar to above in- 
terval but with much more intraformational 
conglomerate. Top of this interval is fossil 
loc. 33-1. Tricrepicephalus tripunctatus (Whit- 

Limestone, shale, and conglomerate: tan-gray, fine- 
grained, thin and irregularly bedded limestone; 
green and green-gray shale partings; and inter- 
bedded intraformational conglomerates. Pebbles 
green and gray, rounded, flattened. Glauconite 
common on many limestones. Some beds 
micaceous; interval weathers light-gray to 

Shale and limestone: gray and tan-gray, thin- 
bedded (%4 to 2 inches), fine-grained limestone 
and equal or greater amounts of olive-green- 
gray micaceous shale. Worm trails or tubes 
common on bedding surfaces of limestones. 
Lower two-thirds of interval covered, and this 
part of thickness estimated................... 

Limestone and shale: thin-bedded, platy, argilla- 
ceous; probably much interbedded shale. Nu- 
merous fossil fragments in platy limestones near 
bottom. Weathers white-gray. Fossil loc. 32-2 


251% 


10%42 


75% 


74 


52 


Feet 


1275 


Total thickness of exposed Pilgrim limestone 


MIDDLE CAMBRIAN 

Park shale 

Down slope to base of Keegan Butte over olive- 
gray and gray, fissile, slightly micaceous shales; 
and thin-bedded, widely separated limestones. Only 
a few very poor outcrops of shale exposed in gulches. 
Near bottom of Butte, white-limestone soil and peb- 
bles indicate zone of limestone 50 to 100 feet in thick- 
ness. Section below last measurement (52 feet) on 
Keegan Butte is worthless for stratigraphic details, 


245 
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Feet 
and indicates in general way only presence of thick 
zone of fissile shale with medial unexposed limestone. 
Total thickness of Park shale (estimated).... 330 
Total thickness measured and estimated on Keegan 


Here top of South Hill 
Shale and limestone: olive-green; and thin beds of 
gray limestone; weathers rusty-brown, and car- 
ries brachiopod fragments. Fossil loc. 34-1.... 10-14 


Meagher limestone (type locality) 

Limestone: gray, pebbly, fine-grained, thin-bedded ; 
weathers gray. Coarsely crystalline and fossil- 
iferous at base and at lower third; weathers gray 
and to rusty-buff soil. Fossil loc. 34-2 is 25 feet 
above base, and 34-2a at base of interval...... 75+ 

Shale and limestone: green, fissile; and gray, mica- 
ceous fine-grained, argillaceous, banded lime- 
stone; weathers green-brown.................. 15+ 

Limestone: gray, tan-gray, and green-gray, fine- 
grained, flaggy and thin-bedded (% to 1% 
inches); upper beds exhibit wavy, clay lines. 
Numerous thin partings of green-gray shale 
%4 to 2 inches in thickness; weathers buff-gray 
to bright-buff on hill side. Upper 4 feet horizon 


Total thickness of Meagher limestone on South 


Wolsey shale (type locality) 

Shale and limestone: pale-green, and little choco- 
late-brown, fissile shale; and interbedded green- 
gray, platy, micaceous limestone.............. 8 

Shale: chocolate-brown and maroon, fissile, slightly 
micaceous; occasionally mottled pale-green. A 
lens 2 feet thick, of bright-red shale in upper 
middle of interval. Glyphaspis-Bolaspis zone 
in upper part of this interval. Fossil loc. 34-4.. 10 

Shale: chocolate-maroon-brown and rare green; 
fissile to lumpy, very slightly micaceous; 
weathers drab olive-brown. Many fossiliferous, 
gray, crystalline limestone lenses intercalated 
with shale. Top of fossil loc. 34-5.............. 77 

Shale: brown, little maroon, and some intercalated 
green, fissile, slightly micaceous. Pebbles and 
lenses of glauconitic, crystalline limestone con- 
taining incomplete tribolites. Bolaspis labrosa 
(Walcott) characteristic of these lenses. Base 
of fossil loc. 34-5 at bottom of this interval.... 59 

Covered interval: shale? ; estimated thickness...... 10-20 


Total thickness of Wolsey shale............... 174 
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Note: Upper surface of Flathead here; hard, Feet 
massive, buff and tan, siliceous quartzite; con- 
tains glauconite, and red sandy spots. Surface 
weathers rusty, and to uneven cavities. No 
thickness measurable. 
Total thickness measured and estimated on South 


Total thickness measured and estimated on Keegan 


In his definition of the Wolsey shale, Weed stated: “The quartzite is overlain by 
shale, which is well exposed in Keegan Butte and the hill south of it which rises above 
the open and nearly level surface of Belt Park.... These shales average 150 feet 
in thickness, and are well exposed at the old dam on Sheep Creek near Wolsey.” “ 


The last sentence might mean that the exposure at the old dam on Sheep 
Creek was considered the type. Careful examination of that locality 
showed the section of Wolsey shale there is covered with glacial drift. 
The field evidence indicates clearly that Weed meant South Hill to be 
the type locality of this shale, but that he took the name Wolsey from a 
post office of that name at a ranch on Sheep Creek. That post office is 
not in existence today. The emended section on South Hill is here desig- 
nated the type of the revised Wolsey formation. 

The type locality of the Meagher limestone was given by Weed in his 
definition: 


“The summits of Belt Park buttes are capped by thinly and irregularly bedded 
limestones. The rocks consist of pure gray limestone mottled with patches of buff- 
colored, arenaceous, clayey matter. The exposed edge of the beds shows wavy— 
almost crinkled—bedding planes. Over 60 feet of these beds are exposed on Keegan 
Butte.” 


The cap of Keegan Butte is Dry Creek shale (Upper Cambrian) and is 
underlain by Pilgrim limestone containing Tricrepicephalus tripunctatus 
(Whitfield) 35 feet below the Dry Creek shale. The limestone which 
caps part of South Hill, on the contrary, is Middle Cambrian; lies on the 
Wolsey; and is overlain by the lower Park shale. Because Weed desig- 
nated the cap of Keegan Butte the principal locality for the Meagher, 
and as that cap is Dry Creek and Pilgrim, the Meagher technically has 
no status. However, the name always has been consistently used in the 
literature to designate the limestone between the Wolsey and Park shales. 
For this reason the name should be retained. Unfortunately, the South 
Hill section is neither well exposed nor very fossiliferous. However, the 
requirement that the type section must be within the Little Belt Moun- 


4 W.H. Weed: The geology of the Little Belt Mountains, Montana, U. S. Geol. Surv., 20th Ann. 


Rept., pt. 3 (1900) p. 216. 
4 Op. cit., p. 285-286. 
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ORIGINAL SECTION 


KEEGAN BUTTE-SOUTH HILL SECTION. LITTLE BELT MOUNTAINS. 


EMENDED SECTION 


NEVER PUBLISHED AS 
DETALED SECTION BY WEED 
TABULATED FROM HIS 
ORIGINAL DESCRIPTIONS OF 
MEAGHER LIMESTONE 


AND WOLSEY SHALE 


“TOP OF KEEGAN BUTTE" 


"MEAGHER LIMESTONE” Fro 60 FEET 


UPPER FLATHEAD SANDSTONE/. 


TOP OF KEEGAN 6UTTE 


ORY CREEK 


PILGRIM LIMESTONE [>o—-—=*>/ 245 FEET 


330 FEET 


(27 FEET 


Ficure 2—Comparison of Weed’s original and the emended Keegan Butte-South 


Hill sections 


tains, and the fact that the South Hill section contains the best exposure 
of Meagher known within these mountains, necessitate that the emended 


section on South Hill be the type of the Meagher formation. 


SECTION ON NORTH SIDE OF DRY WOLF CREEK VALLEY, LITTLE BELT MOUNTAINS 

Weed called the Dry Wolf Creek section “Stratified rocks exposed in 
the north wall of Big Park, opposite Lion Creek.” ¢7 
Park is unknown to the inhabitants of the Dry Wolf Creek Valley where 


Weed measured his section. 


“7 Op. cit., p. 339-340. 


WEED 1900 


The name Big 


q 
PARK SHALE 
q 
__ MEASURED ON SOUTH HILL 
WOLSEY SHALE 
WOLSEY SHALE ==] 150 FEET 
FEET 
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The emended section was measured on the spur east of the eastern 
small unnamed creek which heads on Big Baldy Mountain; and north of 
T.14.N.,R.9E. The 
section begins at a point 350 feet up the small stream from its mouth at 
Lion Gulch. The section 
Weed said he measured 
his section, because at that place the Cambrian rocks are largely covered 
with glacial drift and soil, and the lower beds in the emended section are 


Dry Wolf Creek. This locality lies in sec. 14, 


Dry Wolf Creek two miles west of the mouth of 
was not measured opposite Lion Gulch where 


beneath the floor of that part of Dry Wolf Creek Valley. 


DEVONIAN 


Sill: medium-grained gabbro-diorite or diorite....21 


Limestone: gray, fine-grained, finely banded, mas- 
sive, thick-bedded, petroliferous and containing 
Stromatopora near 
Note: Here approximate horizon of Devonian- 

Cambrian contact, and top of Yogo forma- 
tion of Weed’s section. 

Limestone: dull to black-gray, brown, and blue-gray, 
more or less petroliferous, argillaceous, dolo- 
mitic, thick- and thin-bedded; weathers buff- 
gray to dull-gray. In upper part a two-foot 
zone of green-gray mudstone eroded to 6- to 

Limestone: one bed; dark-gray, medium-grained, 
petroliferous; weathers dark-gray and forms 
ledge; upper surface contains small Spirifer. 


14 


Total thickness of Devonian section measured (sill 


Devonian limestone included as Yogo in Weed’s section 


UPPER CAMBRIAN 
Dry Creek shale 
Dolomite and mudstone: pale tan-gray, olive-gray, 
and buff, fine-grained argillaceous, thick- and 
thin-bedded; weathers bright-buff and dull 
olive-gray. One 15-inch zone of blue-gray, mas- 
sive, hard, fine-grained limestone in upper third 
Sandstone and dolomite: pale green-gray, purple 
and some maroon, shaly to thick-bedded, argil- 
laceous sandstone, mottled red in upper foot; 
weather pale-gray and buff. Near base is fine- 
grained, sandy quartzite. 
Shale, sandstone, and dolomite: dull-maroon, green- 
gray, and buff beds irregularly alternating. 
Shale massive, lumpy, calcareous; few fissile 
beds. Sandstone calcareous, fine-grained, thin- 
ner, and intercalated throughout shale. Dolo- 


29%2 


14%42 


{ 
Feet 
| 
50 
36 
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mite argillaceous, buff, grading laterally into 
shale or mudstone. Interval dominantly dull- 


CHARLES DEISS—-TYPE CAMBRIAN FORMATIONS AND SECTIONS 


Feet 


25 


Total thickness of Dry Creek formation....... 


Pilgrim limestone (type locality) 

Limestone and conglomerate: gray, spotted red, 
platy, crystalline limestone and thick-bedded 
intraformational conglomerate................ 

Dolomite: one lenticular mass; pale buff-white, 
mottled pale purple- maroon, fine - grained; 
weathers bright-buff; grades downward into 
crystalline, gray limestone. Elsewhere this 
interval consists of blue-gray, thin-bedded 
(% to 1 inch), platy dolomite and clay part- 
ings; weathers to bright-buff plates. Fossil loc. 


Limestone and conglomerate: gray, fine-grained to 
lithographic, hard, thick- and thin-bedded, con- 
taining flakes and veinlets of buff, limonitic 
clay; interbedded with thicker beds of intrafor- 
mational conglomerate. Interval weathers to 
gray cliffs and to irregular buff plates. Lower 
beds thickened and thinned by “similar folding” 
against massive underlying intervals........... 

Limestone: gray, extremely thick-bedded, fine- 
grained; contains lenses as much as 2 feet thick 
of pale-gray shale and shaly limestone. Upper 
surface of interval eroded to rounded channels 
2 to 4 feet in depth by 20 to 30 feet in width. 
Interval weathers pale-gray, and forms massive 
rounded cliffs. Fossil loc. 38-4................ 

Limestone: dark-gray, thin- to thick-bedded, fine- 
grained; one 14- to 17-inch bed near middle; 
lower third of platy %- to %-inch beds of dark, 
fine-grained limestone which weather bright- 
buff, and contain long-spined pygidia. Fossil 
loc. 38-3 (Crepicephalus zone)................ 

Limestone and conglomerate: gray and tan-gray, 
fine-grained to crystalline, thick- and thin- 
bedded limestones and thin olive-gray shale 
partings, interbedded with thick intraforma- 
tional conglomerates; sandy clay flakes com- 
mon and irregularly distributed............... 

Limestone and conglomerate: pale-gray and blue- 
gray, lithographic to finely crystalline limestone 
in 1- to 8-inch beds, containing much pale-gray 
clay and sandy ferruginous rusty-orange clay 


11 


18% 


30%2 


38% 
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as flakes and nodules; all interbedded with few 

hard, blue-gray intraformational conglomerates. 

Interval weathers buff to pale-gray, and con- 

tains trilobite fragments...................... 2444 
Limestone: gray, hard, massive, thick-bedded, 

banded with green, irregular layers %g to % 

inch in thickness of siliceous, lithographic lime- 

stone which weathers rusty-brown and in relief 

as much as % inch. Several intercalated beds 

of intraformational conglomerate. Fossil loc. 

38-2 u upper part of interval................. 45% 
Diorite-porphyry: sill; phenocrysts of white feld- 

Interval largely covered: conglomerate exposed at 

top and bottom; weathers gray. Talus and soil 

of mixed limestones and micaceous fissile, buff- 

weathering shale. Mixed beds of shaly sand- 

stone and calcareous sandy shale in lower part; 

interval weathers buff-gray.................. 124% 


Feet 


1281 


Total thickness of Pilgrim limestone (sill ex- 


MIDDLE CAMBRIAN 

Park shale (type locality) 

Shale: olive-buff-green and some chocolate-colored 
in lower part, slightly micaceous, sandy; con- 
tains many lenses of fine-grained gray, argilla- 
ceous, micaceous limestone and %4-inch beds of 
rusty weathering, calcareous sandstones; inter- 
val weathers 57 

Shale, little sandstone and limestone: green, green- 
gray, and chocolate-maroon, fissile, slightly 
micaceous and sandy shale; contains irregu- 
larly intercalated gray, crystalline, coquina-like 
limestone lenses averaging 15 inches in maxi- 
mum diameter, and also thin micaceous, calca- 
reous brown sandstones. Interval weathers 
green-buff-gray. Fossil loc. 38-1 refers to fossils 
in limestone lenses throughout entire thickness 

Soil and talus: small outcrop in creek gives details 
of lithology; green-gray, fissile, micaceous 
shale; and occasional thin beds of gray, crystal- 
line, micaceous limestone; interval weathers 
rusty-brown to 31 


315 


Total thickness of Park shale measurable...... 
Base of Park shale not exposed in this section. 
Total thickness of Cambrian section (sills excluded) 


Total thickness of Dry Wolf section (sills excluded) .... 


Total thickness of igneous rocks in section............. 


212 


596 


646 
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BIG PARK ORY WOLF CREEK SECTION. LITTLE BELT MOUNTAINS. WEED 1900 


ORIGINAL SECTION EMENDED SECTION 
DEVONIAN 
DEVONIAN LIMESTONE 50 FEET 
YOGO LIMESTONE 76 FEET YOGO IN PART OF WEED 
= 
ORY CREEK SHALE >= 40 FEET ORY CREEK SHALE 6° 
PILGRIM LIMESTONE 70 FEET aaa 
PARK SHALE 11S FEET - 
—— PILGRIM LIMESTONE 280 FEET 
vi 
COVERED INTERVAL 
MEAGHER LIMESTONE 300 FEET 


PARK SHALE 


COVERED INTERVAL 


BASE COVERED 


WOLSEY 165 FEET 


BASE COVERED 


Fiaure 3—Comparison of Weed’s original and the emended Dry Wolf Creek sections 


Examination of figure 3 shows two significant errors in the original 
Dry Wolf Creek section. First, in Dry Wolf Creek, as in Belt Creek, 
there are no beds above the Dry Creek shale that could be assigned to 
the Cambrian, and second, the Meagher limestone and Wolsey shale are 
not present in the Dry Wolf (Big Park) area. The second error becomes 
even more inexplicable when Weed’s section on page 340 and his columnar 
section on plate XL are compared.** In the columnar section he shows 
the correct stratigraphic sequence even though the thicknesses are in- 
correct. 

The Dry Wolf Creek section is important in the present revision of 
Cambrian nomenclature. It is the only section in which Devonian fossils 


48 W. H. Weed: Geology of the Little Belt Mountains, Montana, U.S. Geol. Surv., 20th Ann. Rept., 
pt. 3 (1900). 
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(Spirifer) have been found in the petroliferous limestone within a foot 
above the top of the Dry Creek shale. Further, the Pilgrim limestone 
is better exposed and is richer in fossils in the Dry Wolf Creek section 
than elsewhere in the Little Belt Mountains. The Park shale, although 
the base is covered, is also better exposed, and contains many more fos- 
sils in its intercalated limestone lenses than in any other section. In his 
definition of the Pilgrim limestone Weed did not indicate a type locality, 
but in his definition of the Park shale he wrote: 


“., . These beds are well exposed in the road cuttings at the head of Sheep Creek, 
in the valleys of Dry Wolf, Pilgrim, and Tenderfoot creeks, and near Barker.” “ 


He thus indefinitely indicated Big Park as a possible source of the name 
Park, and gave Dry Wolf Creek (the same area) among others, as a 
typical exposure. These facts are considered sufficient for now assigning 
the type sections of the Pilgrim limestone and Park shale to the Dry 


Wolf section. 
SECTION ON NORTH SIDE OF YOGO GULCH, LITTLE BELT MOUNTAINS 


The section was measured on the north side of Yogo Gulch at a point 
approximately an eighth of a mile west of the mouth of Bear Creek, in 
the SE. 14 sec. 1, T. 13 N., R. 10 E., in Judith Basin County on the north- 
eastern side of the Little Belt Mountains. Beds of the Pilgrim limestone 
lower than those exposed in the section occur at intervals on the north 
side of Yogo Valley, within 2 miles west of Bear Creek, but are not 
sufficiently exposed to allow continuous measurement. 


DEVONIAN Feet 


Limestone: black-gray, massive, dense, crystalline 
to fine-grained, extremely petroliferous, in 1- to 
4-inch beds; weathers dull-gray and to sugary 
surfaces. Fragments of buff-weathered, poorly 
preserved corals occur 14 feet above base of 

Note: Approximate horizon of top of Yogo of 
Weed’s section. 

Limestone: pale buff- and blue-gray, sandy, dolo- 
mitic; thick-bedded, petroliferous, finely crys- 
talline; weathers dark-gray.................. 2314 

Dolomite: pale-gray and dull tan-gray, platy to 
thick-bedded, fine-grained; finely banded buff; 
weathers dull buff-gray. At base, thick bed of 
dark blue-gray petroliferous, gray-weathering 


© Op. cit., p. 286. 
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Feet 
limestone similar in composition, thickness, and 
stratigraphic position to the Spirifer-bed at base 
of Devonian on Dry Wolf Creek.............. 1956 


Total thickness of Devonian limestone measured. . 69 
Devonian limestone included as Yogo in Weed’s 


UPPER CAMBRIAN 


Dry Creek shale (type locality) 

Dolomite and limestone: buff and buff-gray, thin- 
bedded (2 to 4 inches), argillaceous, occasionally 
banded; weathers 15 

Dolomite and shale: 1- to 5-foot zones of deep- 
maroon and buff, mottled green, sandy and 
argillaceous, massive but thin-bedded dolomite; 
and two 6-foot zones of dark-maroon, chocolate- 
maroon and pale-green, fissile to lumpy, occa- 
sionally sandy shale which is mottled green 
locally. Perfectly preserved brachiopods and 
trilobite heads and tails in lower 3% feet of this 
26542 

Limestone, shale, and conglomerate: gray, thin- 
bedded, medium-grained limestone in 1%4-foot 
intervals; interbedded with 3- to 10-inch beds 
of intraformational conglomerate whose pebbles 
are mottled red and gray-green lithographic 
limestone, and with 7- to 19-inch zones of green, 

fissile, calcareous shale which weathers rusty- 

— green. Olive-gray clay partings common be- 

tween limestone 8%2 


Total thickness of Dry Creek shale............ 50 
Pilgrim limestone 
ne Limestone and conglomerate: dark-gray, gray, and 
pale-green, massive, thick- and thin-bedded, 
fine-grained to crystalline, occasionally banded 
limestone in half a foot to 5-foot zones; and 
intercalated intraformational conglomerate in 
two beds approximately 8 inches in thickness; 


2 af interval weathers green-buff-gray.............. 15 


Total thickness of Pilgrim limestone measur- 


Total thickness of Cambrian section measured.... . 65 


Total thickness of Yogo Gulch section................. 
A small sill occurs near the edge of Yogo Creek at 
the base of the section but is not included with 

it. 


134 
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Comparison of the original and emended Yogo Gulch sections (Fig. 4) 
shows the principal differences to be in the thickness of the Dry Creek 
shale, and in the presence of the Yogo limestone in the original section. 
Weed’s definition of the Yogo limestone *° indicates the Belt Creek section 
as the type of the formation. However, as fossils could not be found in 
these rocks in the Belt Creek section, the rocks above the Dry Creek in 


YOGO GULCH SECTION. LITTLE BELT MOUNTAINS. WEED 1900 


ORIGINAL SECTION EMENDED SECTION 


DEVONIAN 


DEVONIAN LIMESTONE 


I 
YOGO LIMESTONE | 65 FEET YOGO IN PART OF WEED 


43 FEET 


ORY CREEK SHALE 
YOGO IN PART OF WEED F 


= 50 FEET 
ORY CREEK SHALE [= 


PILGRIM LIMESTONE 1S FEET 


PILGRIM LIMESTONE BASE COVERED 


BASE COVERED 


Figure 4—Comparison of Weed’s original and the emended Yogo Gulch sections 


the Dry Wolf Creek and Yogo Gulch sections also were searched with 
extreme care, but without success. Consequently, it now seems certain 
that Cambrian fossils are not present in the Little Belt Mountains above 
the basal part of the Dry Creek formation. The discovery of Spirifer in 
the Dry Wolf Creek section shows conclusively that these limestones 
are Devonian. In the Yogo Gulch section a dark petroliferous limestone 
similar to the Spirifer-bed in the Dry Wolf Creek section, 814 miles to 
the northwest, is taken as the base of the Devonian. 

In the original definition of the Dry Creek shale, Weed * did not 
specify a type section for this formation, the name of which he obviously 
took from Peale’s Three Forks section *? instead of from the Little Belt 
Mountains. The type of the Dry Creek shale (formation) must be in 
the Little Belt Mountains province, or serious confusion will result. In 
the section on the north side of Dry Wolf Creek, the Dry Creek shale is 
sharply defined at its top by the Spirifer-bed which marks the base of 
the Devonian. However, the Dry Creek shale is better exposed in Yogo 
Gulch, and the lower 13 feet contain the only identifiable Dry Creek 


8 Op. cit., p. 286. 
51 Jbid. 
53 A. C. Peale: The Paleozoic section in the vicinity of Three Forks, Montana, U. S. Geol. Surv., 


Bull. 110 (1893) p. 24. 
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fossils in Montana, known to the writer. These reasons seem sufficient 
for designating the Yogo Gulch section as the type of the emended Dry 
Creek formation. 


SECTION ON NORTH SIDE OF CHECKERBOARD CREEK, CASTLE MOUNTAINS 


The Creckerboard Creek section is given by Weed and Pirsson ** as 
typical of the Cambrian rocks in the Castle Mountains. The original 
and emended sections were measured on the north side of Checkerboard 
Creek in the northern part of the Castle Mountains, in the SE. 1% sec. 5, 
T.9N., R.9 E., in Meagher County, Montana. Unfortunately, the rocks 
are covered with glacial drift and alluvium; only the Flathead and 
Meagher formations being well exposed. 


DEVONIAN Feet 
Limestone: dull-gray and brown, fine-grained, petro- 
liferous in beds as much as 4 inches in thickness; 
weather 80 
Talus: limestone pebbles tan-gray and green-gray, 
platy. One ledge of gray massive limestone 2 
feet in thickness. In upper 40 feet of this inter- 
val are some red pebbles...................... 154 


Thickness of Devonian limestone included in Weed’s 


UPPER CAMBRIAN 
Dry Creek shale? 


Talus: several spots of red stain from red mudstone; 
some green, fissile shale. Estimated thickness.. 25 


Possible thickness of Dry Creek formation... . 25 


Pilgrim limestone 

Interval largely covered: limestone; gray, massive, 
thick- and thin-bedded; some intraformational 
conglomerate. In lower part is 5- to 6-foot 
ledge of light-gray weathering, massive lime- 
stone containing minute olive-gray clay flakes; 
weathers to rounded uneven upper surface... .. 78 

Conglomerate and limestone: matrix gray, thick- 
and thin-bedded intraformational conglomer- 
ates; coarsely crystalline, contain flakes of rusty 
and buff clay, and many light-green grains of 
glauconite. Tan-gray and gray, thick- and thin- 
bedded, fine-grained limestones interbedded 
with conglomerate and containing irregular 
flakes of buff clay. Poorly preserved trilobite 
fragments in some beds. Interval weathers gray 117 


53 W. H. Weed and L. V. Pirsson: Geology of the Castle Mountain mining district, Montana, U. 8. 
Geol. Surv., Bull. 139 (1896) p. 36-37. 
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Interval largely covered: glacial drift and soil; Feet 
occasional outcrops. Probably all thin-bedded 
limestone and thicker-bedded intraformational 
conglomerates; interval weathers buff......... 227 


Total thickness of Pilgrim limestone........... 422 


MIDDLE CAMBRIAN 

Park shale 

Interval covered: soil of shale and limestone frag- 

Alluvium: mixed beds of shale and limestone in 
upper part. Limestone lenses in shale carry tril- 
obites and brachiopods. Fossil loc. 42-4...... 100 

Note: on the south side of the creek is an outcrop 
of green, soft, fissile, clay shale, interbedded 
with gray, banded, crystalline limestone in beds 
% to % inch in thickness, and green beds of 
sandstone; all interbedded with much green- 
gray, wavy-bedded, extremely micaceous shale. 
Worm-trails common on limestones and sand- 
stones; interval weathers olive-green-gray. 


Total thickness of Park shale................. 256 


Meagher limestone 

Interval covered: pale buff-gray weathering lime- 

Limestone: dove and tan-gray, fine-grained to finely 
crystalline, argillaceous, in %4- to 2-inch beds; 
separated by partings of buff and olive-gray, 
fissile clay shale; interval weathers pale-buff. 
Fossil loc. 42-3 (Ehmania zone)............... 49% 

Shale: dark-gray and green-gray, fissile, slightly 
micaceous; and few intercalated %4- to %4-inch 
beds of sandy limestone. Fossils in lower foot 


Limestone: lower third covered; tan-gray, fine- 
grained, rough-bedded, containing flakes and 
nodules of buff weathering sandy clay. Upper 
bed spotted rusty, and carries large, calcareous 
brachiopods, trilobite fragments, and Girvinella. 


Total thickness of Meagher limestone.......... 203 


Wolsey shale 

Shale: green-gray and chocolate-brown, fissile, 
slightly micaceous; and intercalated sandy, 
platy, rusty-green weathering, 14-inch beds of 
limestones and calcareous sandstones which con- 
tain numerous worm trails. In upper half are 


a 


intercalated fossiliferous limestone lenses few 


in number. Fossil loc. 42-1 refers to trilobites 
and brachiopods in these lenses............... 


Shale: dull blue-green, green-gray, and little choco- 


late-brown, fissile, soft; interbedded with rusty 
weathering, 3¢- to %-inch beds of dark rusty- 
brown, fine-grained sandstone carrying worm 
trails on upper blue-green surfaces. Rare 
lenses of non-fossiliferous, dark-rusty, impure 
limestones. Interval weathers olive-buff-gray, 
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Feet 


Total thickness of Wolsey shale............... 


Flathead sandstone 
Sandstone: mixed beds; pale tan-gray, buff and 


white-gray, banded maroon in some _ beds, 
medium- to fine-grained, in beds 3 to 20 inches 
in thickness. Much limonite causes beds to 
weather rusty-brown and to pockety surfaces. 
Near middle is a 3- to 5-foot bed of buff-gray 
quartzite-breccia. In lower third are occasional 
beds exhibiting pale-red and green irregular 


Sandstone: light-gray, white, and pale-maroon, some 


beds banded dark-buff, fine- to medium-grained, 
many tan and gray glassy quartz pebbles %4 to 
% inch in diameter. Large pebbles % to 1 
inch) absent in this section. Limonite generally 
common. Beds weather dull-maroon and dark- 


145 


Total thickness of Flathead sandstone........ 


Total thickness of Cambrian section.............. 
Total thickness of measured section................... 


The Flathead sandstone rests upon dull purple-red, 


slightly fissile and sandy Beltian (Spokane) 
argillite. These beds strike N. 25° W., and dip 
38° SW., whereas the basal Flathead beds strike 
N. 12° W. and dip 28° SW. Thus, a discord- 
ance of 8° to 10° in strike and dip is indicated 
between the Beltian and the basal Cambrian for- 
mations in this area. 


In the original Checkerboard Creek section, 2470 feet were given as 
the total thickness of the Cambrian rocks.** These rocks in the emended 
section total only 1322 feet in thickness. Most of this discrepancy is 
accounted for in the upper and lower parts of the original section. No 
quartzite is present 400 fect above the Flathead on Checkerboard Creek 
such as was given in the original section; instead the rocks are in normal 


183 
1322 
1556 


1293) 
159 
: 
64 
223 
i 
= 
Ibid. 


CHECKERBOARD CREEK, CASTLE MOUNTAINS 


CHECKERBOARD CREEK SECTION. CASTLE MOUNTAINS. WEED 1896 
ORIGINAL SECTION EMENDED SECTION 
DEVONIAN 


1225 FEET 
I PART OF GALLATIN OF WEED 


LARGELY COVERED 
ORY CREEK SHALE DOUBTFUL 25 FEET 
COVERED INTERVAL 


— Ti = 
PILGRIM LIMESTONE 422 FEET 


COVERED INTERVAL 


GALLATIN LIMESTONES 


I 

I 

DEVONIAN LIMESTONE 234 FEET 
I 

I 

I 


PARK SHALE 


LARGELY COVERED 


COVERED INTERVAL 
MEAGHER LIMESTONE = 203 FEET 
COVERED INTERVAL 


WOLSEY SHALE 223 FEET 


1249 FEET 


COVERED INTERVAL 


FLATHEAD SANDSTONE |: 


SELTIAN SPOKANE ARGILLITE[ 


SHALES 


Ficurp 5—Comparison of Weed and Pirsson’s original and the emended 
Checkerboard Creek sections 


sequence. The Wolsey is not abnormally thick. Also the combined 
thickness of the limestones above the Park shale including the Devonian 
beds which Weed and Pirsson called Cambrian (“Gallatin’’) is 701 instead 
of 1225 feet in thickness. The Meagher limestone was given as 28 feet 
in thickness in the original section,®® whereas 64 feet of limestone is well 


5 Ibid. 
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exposed, and an additional 100 feet are clearly indicated by the character 
of the soil cover. The Meagher in this section contains an abnormally 
thick shale (40 feet) between the upper and lower limestone members. 


SECTION NEAR HALF MOON PASS, BIG SNOWY MOUNTAINS 


The emended section was measured on the cliffs on the south side of 
Greathouse Peak, west of Half Moon Pass; on the slope near the head 
of the middle branch of Swimming Woman Creek, just west of the Pass; 
and on the east branch of the same creek from a quarter to a half mile 
southeast of the Pass. The section is in the S. 1% sec. 29, NE. 14 sec. 32, 
and N. % sec. 4, Ts. 11 and 12 N., R. 19 E., in the Big Snowy Mountains, 
which lie in south-central Fergus and northwest Golden Valley counties, 


Montana. 


DEVONIAN Feet 

Note: top of section is on south side of Greathouse 
Peak, elev. 8,000 feet, and is formed of basal 2 
to 3 feet of black fissile conodont-bearing shale 
and limestone of Madison age. Here Mississip- 
pian-Devonian contact. 

Three Forks formation 

Limestone: intervals of buff-white, brown-gray, and 
some chocolate-brown, thick- and thin-bedded 
dolomitic, massive, petroliferous; occasional 
shaly partings as much as 8 inches in thickness. 
In buff-white beds, 20 to 35 feet below top are 
Favosites, Pachyphyllum, Stromatopora, and 
poorly preserved Atrypa, Athyris, and Spirifer. 


Total thickness of Devonian (aneroid reading and 


UPPER CAMBRIAN 


Dry Creek shale (tentative) 

Limestone and shale: olive-green-gray, buff, and 
maroon, shaly to thick-bedded (% to 4 inches), 
massive, argillaceous limestone mottled red in 
upper part; interbedded with tan-gray, wavy 
banded, finely crystalline, hard limestone and 
thin intraformational conglomerate; and two 3- 
to 4-foot shale zones of gray, olive-gray, buff, 
and maroon, sandy, calcareous shale; interval 
weathers mixed maroon, buff, and gray. In 
upper 5 to 8 feet occur large trilobite fragments. 
Fossil loc. 41-2 top, in this zone............... 32 


Total thickness of tentative Dry Creek shale. . 32 


: 
. 
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HALF MOON PASS, BIG SNOWY MOUNTAINS 


Pilgrim limestone 

Limestone, conglomerate, and shale: dominantly 
tan-gray and gray, some pale buff-gray and 
olive-gray, fine-grained, occasionally laminated, 
wavy-bedded and banded limestone in zones 1 
to 6 feet in thickness; separated by thinner 
olive-gray and buff-gray, fissile shale partings 
and occasional shale zones as much as 15 inches 
in thickness. Zones of intraformational con- 
glomerate half a foot to 12 feet in thickness 
irregularly interbedded between shale and lime- 
stone. Conglomerate in beds 4 to 30 inches in 
thickness; matrix green-gray and steel-gray, 
crystalline, hard, containing leaves of limonitic 
clay. Pebbles % to 4 inches in diameter, irregu- 
larly shaped, gray, green, and maroon; some 
have small holes perforating medial part ; inter- 
val weathers gray or gray-buff, with cliff faces 
stained rusty red. Bottom of interval base of 
Section here traced to eastern end of Greathouse 
Peak. 

Shale, limestone, and conglomerate: similar to 
above interval, but weathers more buff-olive- 
gray, and contains fewer worm trails........... 65542 
Section traced eastward from this point to west- 
ern ridge of Half Moon Pass. 

Interval largely covered: apparently all underlain 
by generally thin-bedded, platy, gray, buff- 
weathering, finely crystalline limestones, and 
thicker-bedded argillaceous buff-gray lime- 
stones containing many rusty-buff clay flakes 
and olive-gray fissile shale partings; all inter- 
bedded with thick-bedded intraformational con- 

Limestone, conglomerate, and shale: gray, buff- 
weathering, platy limestone containing few clay 
flakes; interbedded with 2- to 8-inch beds of 
gray, hard, crystalline intraformational con- 
glomerate which exhibits rusty and buff clay 
flakes. Many thin, intercalated buff-weathering 
shale beds in middle part..................06- 158 


Feet 


Total thickness of Pilgrim limestone.......... 616 


MIDDLE CAMBRIAN 

Park shale 

Shale: green-gray, drab-green, and chocolate- 
maroon in upper part, argillaceous, soft, fissile 
to lumpy, slightly micaceous; interbedded with 
%- to 1-inch beds of gray, finely crystalline 
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limestone containing many glauconite grains, 
and with olive-gray, platy, calcareous sand- 
stone. Numerous lenses 14 by 6 inches to 4 by 
30 inches in thickness and diameter of fossilifer- 
ous, rusty-weathering limestone intercalated 
throughout shale. Interval weathers dull olive- 
gray. Fossil loc. 41-3 within middle 25 feet of 
Shale and conglomerate: drab-green, micaceous; 
few interbedded, 3- to 5-inch beds of intrafor- 
mational conglomerate whose matrix is gray, 
crystalline limestone containing excessive 
amounts of bright-green glauconite grains.... 
Shale: drab-green and chocolate-colored, interbed- 
ded, slightly micaceous, sandy; interbedded 
with few %4- to 14-inch green-brown sandstones, 
and in lower part many tan-gray, l-inch beds 
and lenses of limestone. Interval weathers 


Feet 


67 


17 


76 


Total thickness of Park shale................. 


Meagher limestone 


Limestone and little shale: interval largely covered; 
thin-bedded limestone and shale partings; 
worm trails common. This limestone is in the 
proper stratigraphic position, and at the cor- 
rect distance above the Glyphaspis zone at the 
top of the Wolsey shale to be the equivalent 
of the Meagher on South Hill. Estimated 


160 


Estimated thickness of Meagher limestone... . 


Wolsey shale 

Shale: chocolate-maroon and green, fissile, slightly 
micaceous, sandy in some beds; and rare, thin 
beds of limestone and sandstone. Glyphaspis 


Shale: chocolate and green, argillaceous, fissile; 
weathers chocolate-brown with purple-maroon 
shade. Top of interval is fossil loc. 40-2...... 

Shale: green-gray, drab-green, and few buff beds, 
argillaceous, slightly micaceous, and intercalated 
1-inch sandstones and limestones which contain 
many glauconite grains; interval weathers drab 
green-gray. Few fossiliferous limestone lenses 
in this section intercalated with shales. Fossil 


21 


: 
4 
50 
ia a zone 15 to 17 feet below top of interval. Fos- 
; | 


Covered interval: light-gray and red, soft, friable 
sandstone; and 4- to 8-inch bed of dull-red, soft, 
fine-grained, argillaceous sandstone near top. 
Shale probably interbedded.................. 


HALF MOON PASS, BIG SNOWY MOUNTAINS 


Feet 


Total thickness of Wolsey shale............. 


Flathead sandstone 

Sandstone: dull gray-red, thin-bedded, friable. At 
top, 2-inch bed of red hematitic soft sandstone; 
nearly pure hematite in parts. This hematite 
zone at top of Flathead remarkably persistent 
over all of central and northwestern Montana 

Sandstone: light and dark-maroon, pink, and some 
tan, thick- and thin-bedded, generally hard, 
banded, occasionally vitreous, much cross- 
bedded, containing much limonite, and irreg- 
ularly distributed glassy quartz pebbles 4, to 
86 inch in diameter. Interval weathers dom- 
inantly maroon; tan in upper few feet.......... 

Conglomerate: one bed; maroon, banded buff, 
sandy; pebbles subangular to rounded. Con- 
glomerate in lower 9 inches grades upward into 
pebbly banded 

Sandstone: limonitic, banded %4 to 3 inches by 
finer- grained, lighter-colored sandstone; 
weathers dark-maroon; contains glassy tan, red, 
and gray quartz pebbles %g to % inch in 
diameter. Basal bed a green-gray conglomer- 
ate containing %4 to 1 inch of green shale of the 
upper Greyson reworked in the bottom of the 


2-3 


179 


119%2 


256 


Total thickness of Flathead sandstone......... 
Total thickness of Cambrian section............. 


Total thickness of Cambrian and Devonian section..... 


The Flathead sandstone rests on a drab- 
green-gray, fissile, noncalcareous, argillaceous, 
soft shale, mottled dark-red. 


127 
1164 
1414 


Note: Glacial drift (recessional moraines) and soil cover the middle part of the 
Big Snowy Mountains section from the top of the Wolsey to the middle of the Pil- 
grim limestones to the extent that an exact measure of the thickness and a complete 


description of the 


rocks are impossible. 


The original section of Calvert was never published in detailed form, 
but each formation was described, and thicknesses assigned.** Reeves,*’ 


86 W. R. Calvert: an unpublished manuscript cited and quoted in part by C. D. Walcott: Relations 
between the Cambrian and pre-Cambrian formations in the vicinity of Helena, Montana, Smithson. 
Misc. Coll., vol. 64, no. 4 (1916) p. 274-276. 

5? Frank Reeves: Geology of the Big Snowy Mountains, Montana, U. 8. Geol. Surv., Prof. Pap. 165-D 
(1931) p. 135-149. 
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HALF MOON PASS SECTION. BIG SNOWY MOUNTAINS. CALVERT 1916 


ORIGINAL SECTION EMENDED SECTION 


DEVONIAN LIMESTONE 


MISSISSIPPIAN LIMESTONE 
tie ORY CREEK SHALE DOUBTFUL 


MEAGHER LIMESTONE F>————4 300 FEET 


COVERED INTERVAL 


PILGRIM LIMESTONE GIG FEET 


a COVERED INTERVAL 


WOLSEY SHALE 179 FEET 


FLATHEAD QUARTZITE = : 75 FEET FLATHEAD SANDSTONE 


—— 
BELTIAN SHALE 


BELTIAN SHALE 


Ficure 6—Comparison of Calvert’s original and the emended Half Moon Pass sections 


in 1931, published his report on the Big Snowy Mountains, and cited Cal- 
vert’s work, but gave more complete descriptions of the formations. 
Reeves, however, also did not give a detailed section of the Cambrian 
rocks in the area. 

Five errors in the original work of Calvert were not corrected by Reeves, 
and have been quoted widely in the Cambrian literature of Montana. 
The first concerns the Cambrian-Beltian unconformity. Calvert stated: 


“At this locality the Algonkian shale dips south at a 19° angle, whereas the over- 
lying quartzite lies practically horizontal, so that an angular unconformity is 
apparent.” 


58 WwW. R. Calvert: op. cit., p. 274. 
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This condition was again cited by Reeves,®®, and, more recently, by 
Hinds ® and the writer. In reality, the Flathead sandstone and Beltian 
(Greyson) shale are so nearly conformable that no angular discordance 
is apparent. 

The second error was the inclusion of beds equivalent to the true 
Meagher limestone and Park shale in the Wolsey of the Big Snowy 
Mountains. This mistake was apparently caused by assigning two hori- 
zons, 200 or more feet apart, to the zone of Glyphaspis capella (Wal- 
cott).° Although this trilobite occurs throughout a vertical range of 25 
to 70 feet in different sections in central Montana and Yellowstone Na- 
tional Park, its upper limit is in the upper part of the Wolsey shale, just 
beneath the Ehmania zone at the base of the Meagher limestone. The 
writer found Glyphaspis cf. G. capella (Walcott) at that horizon at the 
head of Swimming Woman Creek in the Big Snowy Mountains, but could 
not find it in the Park shale of that area. 

The third and fourth errors were the failure to recognize correctly the 
Meagher limestone and Park shale. These were logically the result of 
the incorrect interpretation of the fossils just discussed. However, these 
errors should not have caused the fifth one, the assignment of the highest 
Cambrian limestone in the section to the Meagher, because these lime- 
stones were observed and described by Calvert as different lithologically 
from those of the Meagher in the Little Belt Mountains, and the lime- 
stones Calvert and Reeves designated “Meagher” in the Big Snowy 
Mountains contain numerous Upper Cambrian fossils. 


SECTION ON NORTH SIDE OF BEAVER CREEK VALLEY, BIG BELT MOUNTAINS 


The original * and emended Beaver Creek sections were measured in 
the S. 1% sec. 10, N. % sec. 15, and NE. 4 sec. 16; T. 12 N., R. 2 W., 
in the northwestern part of the Big Belt Mountains, in Lewis and Clark 
County, Montana. The rocks in this section are broken by a strike fault, 
and by several dip and dip-slip reverse faults, and are covered for short 
intervals by glacial drift and alluvium. However, tracing horizons to 
points where the section can be continued is relatively easy. Except for 
much of the Wolsey and part of the Park shales, most of the rocks in the 
section are well exposed and not greatly deformed. The section lies on 
the low hills north of and within a quarter to half a mile of Beaver Creek, 


59 Frank Reeves: op. cit., p. 145. 
6 N. E. A. Hinds: Ep-Archean and Ep-Algonkian intervals in western North America, Carnegie 


Inst. Washington, Pub. no. 463 (1935) p. 43. 
€1 Charles Deiss: Cambrian-Algonkian unconformity in western Montana, Geol. Soc. Am., Bull., 


vol. 46 (1935) p. 122. 
#2C, D. Walcott: Relations between the Cambrian and pre-Cambrian formations in the vicinity of 


Helena, Montana, Smithson. Misc. Coll., vol. 64, no. 4 (1916) p. 275. 
@ Op. cit., p. 270-276. 
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and extends one mile westward from the Flathead-Greyson contact north 


of the schoolhouse. 


Feet 
DEVONIAN 


Dolomite and limestone: tan-gray, gray, and black- 

gray, massive, slightly petroliferous, thinner- 

bedded in lower and thicker-bedded in upper 

part; weathers gray, buff-gray, and in upper 

part drab-brown. Upper black-gray bed car- 

ries Spirifer, Favosites, and Stromatopora.... 116 
Gabbro: dull-green, fine-grained, exhibiting long, 

slender, hornblende crystals, and few pheno- 

crysts of calcite. Forms irregular sill......... 0-7 
Dolomite: dull pale- and dark-gray interbedded, 

finely crystalline, in 4- to 8-inch beds; contains 

rusty, irregular clay bands which weather in 

relief; weathers 29 


Thickness of Devonian measured (sill excluded). . 


UPPER CAMBRIAN 


Pilgrim limestone 


Limestone: fine- to medium-grained, finely banded, 

in 5- to 2-inch beds; contains buff, tan, and 

gray clay flakes. In middle of interval rare red- 

stained, argillitic limestone; interval weathers 

buff, but is much covered. May be equivalent 

Gabbro: sill no. 11. Same composition as lower sills. 3 


Limestone and conglomerate: dull-gray, fine- 
grained, nodular to lenticular or irregularly 
bedded; and buff and white-gray, calcareous 
clay partings; interbedded with darker-gray 
crystalline limestone and intraformational con- 
glomerate which contains much limonite, and 
numerous trilobite fragments. Interval weath- 
ers pale buff-gray, and forms cliff. Basal 


Limestone and conglomerate in middle fourth: tan-, 
black-, and dull-gray, thin- to thick-bedded 
(% to 6 inches), fine-grained to crystalline; 
contains many rusty orange, siliceous clay 
flakes, nodules and partings; lower beds occa- 
sionally odlitic. Interval weathers rusty gray 
to buff. In lower 10 feet are pale-green glau- 
conite, and numerous trilobite fragments; fossil 


145 


a 
2 
4, 
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Limestone: mottled black-gray and tan, dark, 
odlitic to crystalline, in beds as much as 4 feet 
in thickness; weathers dark drab-gray mottled 
tan, and forms clifis with irregular surface. 
Carries incomplete trilobite shields, and 


18 


Feet 


1297 


Total thickness of Pilgrim limestone (sill ex- 


MIDDLE CAMBRIAN 


Park shale 

Shale: dark-gray and green, hard, very slightly cal- 
careous and micaceous, fissile; covered here by 
talus of mottled limestone.................... 

Shale and sandstone: green-gray, fissile shale; in- 
terbedded with dull gray-buff, flaggy, thin- 
bedded sandstone, banded green.............. 

Shale: dull-green and some chocolate-maroon, 
fissile, soft, occasionally sandy, thin-bedded 
limestone, but no lenses containing fossils; 
weathers dull green-gray in upper, and maroon 
in lower part. Upper beds carry poorly pre- 
served obolelloid brachiopods. Lower 45 feet 


Total thickness of Park shale................. 
Gabbro: sill no. 10, similar in composition to sill no. 
9, but containing larger lath-like hornblende 


Meagher limestone 

Limestone: dull-gray in upper, tan-gray in lower 
half, generally thin-bedded; contain rusty- 
orange clay nodules, flakes, and partings in 
upper part, and buff flakes and nodules in lower 
part. Much white-gray, extremely argillaceous, 
nodular-bedded limestone in lower third. In- 
terval weathers pale-buff..................... 

Limestone: dark-gray to chocolate-gray, massive, 
fine-grained, thin- and _ thick-bedded, finely 
banded locally. Rare beds of light cream-tan 
limestone in middle third. Beds weather gen- 
erally light gray and form cliffs.............. 

Trachyte-porphyry: sill no. 9, pale-green, fine- 
grained; generally calcareous; contains buff 
calcite crystals; splintery when weathered.... 

Limestone: similar to that above, but platy and 
uniformly bedded; weathers bright-buff, and 

Trachyte-porphyry: sill no. 8, similar in composi- 


167 


172 


18 


37% 


27814 


201 


|_| 
= 
25 
9 
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Limestone and shale: black-blue-gray, platy-bedded 
in upper part, wavy-bedded in middle part, fine- 
grained limestone containing buff clay partings. 
In lower half much black, fissile to chunky, 
slightly micaceous, and some green-buff hackley 
shale; intercalated with 1- to 4-inch beds of 
nodular, gray limestone. Interval weathers 
buff. 3 feet above base in 1- to 2-inch zone 
of shale occurs Pentagon fauna. This horizon 

Limestone: dark-gray, hard, fine-grained, in 2- to 
4%-inch beds; contains rusty-orange clay 
flakes; weathers dark-gray. Ehmania zone, and 
top of fossil loc. 47-2 in basal nodular bed...... 

Shale and limestone: buff-green and buff, clay, fis- 
sile; intercalated 2- to 6-inch beds of gray and 
green-gray limestone containing microscopic 
flakes of limonitic sandy clay, and spots of 
green-gray lithographic limestone which simu- 
late intraformational conglomerates. Weathers 
buff-gray. Base of fossil loc. 47-2............ 


Feet 


13 


3%2 


9% 


Total thickness of Meagher limestone (sills 


Wolsey shale 
Shale: chocolate-maroon, micaceous, sandy; weath- 
Trachyte-porphyry: sill no. 7. Similar to lower sills, 
but less calcareous; possesses slender bladed 
Shale: limestone and sandstone: alternating inter- 
vals of olive-green, chocolate-maroon, and black 
fissile micaceous shale; many %4- to 1%-inch 
beds of calcareous rusty-green sandstone; and 
rusty-weathering, sandy, impure lenticular lime- 
stone, containing glauconite grains and poor tri- 
lobite fragments. Fossil loc. 47-1 (quarry in 
maroon shale) 15 feet above base............ 
Trachyte-porphyry: sill no. 6, contains brown-pink 
calcite crystals and much biotite in large (%- 
Shale: chocolate-maroon, purple, and green, fissile, 
soft, micaceous. Beds just below sill more cal- 
careous and chunky-bedded.................. 
Trachyte: sill no. 5, similar in composition to lower 
Interval covered: glacial drift; outcrop of green 
Trachyte: sill no. 4, similar in composition to lower 


374 


11 


49 


21 


108 


Beer 
4 
4 
13 
: 
; 
2 
39 
4 
3 i 
: 


Total thickness of measured section (Devonian and 


Interval covered: glacial drift. Probably underlain 
by green shale and platy impure calcareous 

Trachyte: sill no. 3, contains inclusions of green 

Shale: green and brown, fissile, micaceous sandy; 
upper part contains poorly preserved trilobite 

Trachyte: sill no. 2, similar in composition to sill 

Trachyte: sill no. 1, dull-green, fine-grained; con- 
tains phenocrysts of biotite and calcite. Entire 
rock seems 

Shale: pale buff-white-gray, irregularly bedded, cal- 
careous, mottled pale-green; metamorphosed; 


BEAVER CREEK VALLEY, BIG BELT MOUNTAINS 


13 


74 


11 


37 


Feet 


Thickness of Wolsey shale (sills excluded).... 

Thickness of Wolsey shale (sills included).... 

Note: part of covered Wolsey section may be 
duplicated by faulting. 


Flathead sandstone 

Quartzite: mixed beds; gray buff-gray and gray- 
purple, coarse- and fine-grained, generally vit- 
reous and thick-bedded; contains many glassy 
quartz pebbles and grains of limonite; interval 
weathers tan-gray to bright tan in upper part. . 

Quartzite: two beds; pale purple-gray, coarse- 
grained, vitreous; contain small but numerous 
pebbles. Form ledge above strike-fault gully. . 

Quartzite: lavender-gray to purple-gray and some 
tan, coarse-grained, vitreous, thick-bedded, 
banded purple-maroon in upper half. In lower 
part a few white-gray intercalated beds contain- 
ing large glassy, pure quartz pebbles. Interval 
weathers maroon-purple...................... 

Quartzite: buff-gray or tan-gray, thin-bedded, mas- 
sive, coarse-grained generally; contains many 
glassy, pure quartz pebbles less than %4 inch in 
diameter; weathers buff-gray. Deep-maroon- 
rusty-purple bands in lower part, and at base 
pebbles as much as % inch in diameter. Much 


95 


6% 


491 


Total thickness of Flathead sandstone......... 
Total thickness of Cambrian section (sills excluded) 
Total thickness of igneous rocks in Cambrian section 
Total thickness of igneous rocks in Devonian section 


Cambrian) including 


1299 
34 
25 
43 
= 
363 
= 
83 
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276 
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Note: The Flathead sandstone rests upon Greyson 
or Spokane (Beltian) in the Beaver Creek sec- 
tion. The rocks are black-maroon, dense, fine- 
grained, platy argillites, containing much limon- 
ite and iron oxide on joint faces and bedding 
surfaces; weather black with bright rusty stains. 


Although no new formational names were given to strata in the Beaver 
Creek section, it has generally been referred to as the standard for the 
northern part of the Big Belt Mountains. In the original section, Wal- 
cott ** gave 640 and 695 feet as the thicknesses of the Flathead and 
Wolsey formations. Because the average thickness for the Flathead and 
Wolsey over Montana is only approximately 125 and 175 feet respec- 
tively, the original thicknesses seemed too great. After measuring and 
carefully rechecking the Beaver Creek section, the writer obtained a 
thickness of only 276 feet for the Flathead, and 363 feet for the Wolsey. 

Comparison of the original and emended sections (Fig. 7) shows a dis- 
crepancy of 1128 feet between the total thickness, 2685 feet of the original, 
and 1577 feet of the emended section. Of the 1128 feet, 522 are accounted 
for in the Flathead and Wolsey, and the remainder by the comparison of 
the other formations. Walcott included some of the Devonian dolomites 
in the Pilgrim limestone of his Beaver Creek section. 


SECTION ON NORTH SIDE OF UPPER BEAVER CREEK VALLEY 


The rocks in the vicinity of the lower eight miles of Beaver Creek valley 
form a strike-faulted, northward plunging, asymmetrical anticlinorium 
which is maturely dissected through the Paleozoic and into the Beltian 
rocks. Consequently, the sequence of Paleozoic formations extends from 
the base upward, eastward in the Upper Beaver Creek area—i.e., east of 
the anticlinal axis—and also extends from the base upward, westward in 
the lower Beaver Creek area. The original and emended Beaver Creek 
sections (Fig. 7) were measured on the western flank of the anticline, 
where the highest Cambrian beds are the intraformational conglomerates 
and buff dolomites of the Pilgrim formation. On the eastern side of the 
anticline, along upper Beaver Creek, the Pilgrim is thinner, but is over- 
lain by 54 feet of buff, red, and green, sandy shales and dolomite typical 
of the Dry Creek formation. These shales are well exposed in the cliffs 
at this place, but can be seen to wedge out and disappear horizontally 
within 300 feet. No satisfactory explanation is postulated as yet for 
this extremely local development of these Dry Creek shales. 

The following section was measured on the cliffs and steep slopes on 
the north side of upper Beaver Creek valley at the only place in which 
the red shales and buff sandy dolomites are exposed. The section lies in 


* C. D. Walcott: op. cit., p. 270. 
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BEAVER CREEK SECTION. BIG BELT MOUNTAINS. WALCOTT I9I6 
ORIGINAL SECTION EMENDED SECTION 


DEVONIAN 


PILGRIM LIMESTONE 


PARK SHALE 290 FEET | 
1 


DEVONIAN DOLOMITE 


| | DEVONIAN 
PILGRIM IN PART OF WALCOTT Foz> 


MEAGHER LIMESTONE | + 720 reer! 


PILGRIM LIMESTONE 


PARK SHALE 


== 2 
= = x= 


MEAGHER LIMESTONE 


H 
i 


WOLSEY SHALE 695 FEET 
~ 


WOLSEY SHALE 491 FEET 


POORLY EXPOSED 


FLATHEAD SANDSTONE FEET = 


BELTIAN 


BELTIAN GRAYSON FORMATION 


Ficure 7—Comparison of Walcott’s original and the emended Beaver Creek sections 


the N. 14 sec. 32, T. 13 N., R. 1 W. at a point approximately 549 miles 
east of the Devonian-Cambrian boundary in the Beaver Creek section. 


DEVONIAN Feet 
Dolomite: massive, buff-gray, finely crystalline, thick- and 
thin-bedded. Weathers buff-brown and to sugary sur- 
faces. Brown-gray Devonian dolomite cliffs rise 100 
feet or more above this point.................00s000 25-30 


UPPER CAMBRIAN? 
Dry Creek shale? 
Dolomite: bright yellow-buff, and pale buff-gray, argilla- 
ceous, thin-bedded but massive, finely banded gray 


q 
a 
4340 FEET 
=r 
7 
: == 
FEET 
24175 FEET 
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201 FEET 
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and buff in upper and lower parts; weathers bright 
straw-buff and to thin plates. One black-chocolate 
Dolomite and shale: dull-maroon and some buff-gray, 
massive, argillaceous to finely crystalline, massive- 
bedded dolomite in 144- to 7-foot intervals, separated 
by alternating green and red, sandy, dolomitic shale 
and mudstone in 1-inch to 4-foot intervals; weathers 
bright-maroon and 
Sandstone: maroon and green mixed, argillaceous; under- 
lain by 6-inch bed of tan-buff, sandy, intraformational 
conglomerate containing %- to l-inch pebbles of red 
dolomite and pale-gray limestone................... 
Dolomite and mudstone: green-buff and tan-gray, massive, 
argillaceous dolomite which weathers straw-buff; and 
3%4-foot interval of pale gray-green, and buff-gray, 
dolomitic mudstone at base. One bed of crystalline 
limestone near top, and one of intraformational con- 


Total thickness of Dry Creek? shale.................. 


Pilgrim limestone 

Dolomite and limestone: tan-gray and gray, hard, thick- 
bedded, crystalline dolomite in upper and lower part 
containing bright-green %¢-inch spots in some beds; 
weathers pale buff-gray; and 18-foot interval of dark 
crystalline, thick- and thin-bedded limestone in lower 
middle; weathers 

Shale and limestone; dull-gray, calcareous, slightly fissile 
shale in 2-foot intervals; interbedded with tan-gray, 
bright rusty-tan weathering flaggy limestone. Forms 

Conglomerate and limestone: dull-gray, 4- to 10-inch beds, 
intraformational, carries occasional trilobite frag- 
ments; intercalated with beds of gray, fine-grained 
limestone containing glauconite grains. Tan-buff clay 
flakes in some beds. Interval weathers to slope above 

Limestone: mottled black and tan, massive, hard, cliff- 
forming, coarsely odlitic; contains rare trilobite frag- 
ments; weathers drab, and to rusty bands and points 


MIDDLE CAMBRIAN 


Park shale 

Shale, and some sandstone: pale-green and green-gray, fis- 
sile, soft, calcareous shale, interbedded with dull gray- 
buff, calcareous, shaly, flaggy, thin-bedded sandstone 
which is streaked green, and weathered rusty on joint 


Feet 


21% 


2456 


13142 


18 


15% 


4 
| 

20 
Total thickness of Pilgrim limestone.................... 90 


UPPER BEAVER CREEK VALLEY 


Feet 
faces. Some maroon and gray shale in lower part. All 
shale slightly micaceous; interval weathers dull green- 
Thickness of Park shale measured.................. 57 
Total thickness of Cambrian section measured...... 209 


SECTION ALONG GRIZZLY AND ORO FINO GULCHES, HELENA DISTRICT 


The Helena-Grizzly Gulch section was measured on a southwest bearing 
from the Helena limestone-Marsh shale contact on South Benton Street 
in the southwestern part of the city, to and along the west side of Grizzly 
Gulch from 50 to 200 feet above its floor. At the top of the Meagher 
limestone the section was traced across the gulch, and there measured into 
the Pilgrim limestone, and continued on the east side of Oro Fino Gulch 
to a point south of the junction of Grizzly and Oro Fino Gulch roads. The 
rocks in the section are generally metamorphosed, and fossils were not 
seen except in the Park shale and the upper part of the Wolsey where very 
poorly preserved fragments of trilobites occur in the limestones. 


Feet 
DEVONIAN 
Dark to black-gray petroliferous, dolo- 
mitic limestone occurs above the 
white limestone in the last meas- 
ured interval. 

Limestone: mixed beds of steel-gray, black- 
gray, and dull-gray, thick-bedded, 
finely crystalline, strongly petrolifer- 
ous; weathers dark-gray and drab; 3- 
to 4-foot interval of black and white 
limestone in upper part. Stromato- 
pora present in middle part...... 230 


Total thickness of Devonian limestones meas- 


UPPER CAMBRIAN? 


Dry Creek shale? 


Limestone and dolomite: deep-tan and 
maroon, crystalline, thin-bedded lime- 
stones in upper and lower part in 20- 
foot intervals; and green-buff-gray 
and light-gray, massive, crystalline, 
irregularly and thin-bedded, buff- 
weathering limestone and dolomite, 
banded buff-tan and pale-maroon in 
some beds in middle part of interval. 
Interval weathers buff............... 83 
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Shale and dolomite: black-gray, dull 
green-gray, and maroon-purple, fine- 
grained, dolomitic mudstone or shale; 
and one 10-foot interval of green- 
buff, thick-bedded, crystalline to fine- 
grained dolomite; weathers buff and 

Limestone: pale-buff and bright buff-tan, 
thick- and thin-bedded, fine-grained ; 
weathers bright-buff; lower beds con- 
tain tiny black spots, and maroon 
areas as much as 10 inches in diameter 


Total thickness of Dry Creek shale?.. 


Pilgrim limestone? 

Dolomite: steel-green-gray and some 
cream-gray petroliferous finely crys- 
talline, thick-bedded; weathers light- 
Note: Here break in sequence. Upper 

part of section measured on east 
side of Oro Fino Gulch from 890 
to 1380 feet south of Grizzly 
Gulch road junction. 

Dolomite: similar in composition to above 
interval, but extremely thick-bedded, 
and weathers white-gray............. 

Dolomite: black and gray mottled, pet- 
roliferous, crystalline; upper half 
weathers light gray, lower half dull- 

Limestone: black-gray, crystalline, thick- 
bedded, very slightly mottled black 
and dull-gray; weathers dull-gray and 
forms cliffs here. Looks typically like 
Jefferson (Devonian) limestone...... 


Total thickness of Pilgrim? limestone 
Total thickness of Upper Cambrian? sec- 


MIDDLE CAMBRIAN 

Park shale 

Interval covered: lower half, soil of dark- 
green argillite; upper half, boulders 
of petroliferous black and gray dolo- 

Argillite: dull- to dark-green, dense, silic- 
eous; contains lenticular inclusions 
of dull-gray, fine-grained limestone; 


Feet 


51 


il 
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109 


513 
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weathers pale dull-green and in strong 
relief above pale-gray, weathered lime- 
Shale: dark-green, metamorphosed, lumpy 
and platy; weathers dark-green and 
deep rusty brown on joint faces. 
Some lighter-green, micaceous shale 
Limestone and shale: green-gray, thin- 
and thick-bedded, micaceous limestone 
containing large tan clay flakes and 
lumps; and_ black-chocolate-brown, 
slightly micaceous and fissile, meta- 
morphosed shale in lower part; all 


Total thickness of Park shale........ 


Meagher limestone of original Helena 
section 
Limestone: black-gray, finely crystalline; 
in 2- to 10-inch beds; contains many 
drab and pale-red sandy clay flakes; 
beds weather gray and blue-gray. In 
lower third, some beds show siliceous, 
amorphous calcite incrustations which 
simulate much-weathered corals..... 
Limestone: dull-gray, fine-grained, thick 
or unbedded, contains small, buff clay 
flakes; weathers gray................ 
Limestone: dark dull-gray becoming blue- 
black-gray upward, fine-grained, thin- 
but massive-bedded; contains buff- 
brown, orange-tan and buff sandy, 
silicious, clay flakes and_ bands; 
Limestone and shale: gray, slightly mica- 
eous and sandy, thin-bedded lime- 
stone; much argillaceous shaly lime- 
stone; and dark dull-gray calcareous, 
chunky, micaceous shale; interval 
weathers drab-gray ................. 
Limestone: dull-gray and dark blue-gray, 
fine-grained, in 2- to 10-inch beds sepa- 
rated by dull-gray, argillaceous, thin- 
bedded limestones; interval weathers 
pale-gray to buff-gray at base. Thicker 
limestones contain small tan and buff 


Total thickness of limestones between 
Park and Wolsey shales........... 


110 


Feet 


92 


187 
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Wolsey shale 

Limestone and shale: dark-gray, sandy, 
fissile, micaceous, metamorphosed cal- 
careous shale; 1- to 3-inch beds of 
pale-gray argillaceous limestone con- 
taining tan clay flakes; and nodular 
beds of crystalline limestone with 
rusty - green surfaces. Interval 
weathers gray and dull-green........ 

Limestone: pale-gray, argillaceous, thin- 
bedded; and pale buff-gray clay flakes 
and laminae, weathers light-gray.... 

Shale and limestone: maroon, black-green, 
green-gray and purple, micaceous, 
finely sandy, slightly fissile, generally 
hard shale; interbedded with gray im- 
pure limestone containing drab-gray 
clay flakes and laminae, and with thin- 
bedded, shaly sandstones which carry 
poorly preserved worm trails. Interval 
weathers buff-green-gray and drab- 
buff. Lower 4 feet of interval com- 


Feet 


11 


posed of black-green-gray argillite... 119 


Trachyte: sill; green-blue-gray, fine- 
grained, basic; and 2-foot included 
zone of black-gray fissile shale in 

Shale: black, dull-gray, metamorphosed 
sandy, chunky; weathers black-gray, 
and is much burnt by underlying sill. 

Trachyte: sill; pale-green, fine-grained; 
weathers dull-green................. 

Shale, argillite, and sandstone: dull-gray, 
slightly fissile, finely sandy calca- 
reous shale; interbedded with thicker- 
bedded, lumpy dark gray-green shaly 
sandstone; weathers green-gray and 
rusty on joint faces. Lower 20 feet 
black-green, sericitic argillite........ 


Total thickness of Wolsey shale..... 


Flathead sandstone 

Quartzite, argillite, and sandstone: tan, 
coarse-grained, thick-bedded, rusty 
weathering quartzite; dull black- 
green, thin-bedded, sericitic, flaggy, 
sandy argillite, and micaceous, thin- 
bedded sandstone; beds exhibit red- 
brown and dark-green irregular %- to 
36-inch spots; weathers rusty-buff and 


12 


46 


259 


1 
| 
— 
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4 
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Quartzite, sandstone, and shale: tan-gray, 


BELTIAN 


thick- and _ thin-bedded, slightly 
banded quartzite, containing few 
small quartz pebbles; interbedded 
with occasional 12- to 14-inch beds of 
white-gray, coarse-grained, vitreous 
quartzite, and partings as much as 6 
inches in thickness of %- to %-inch 
cream-gray and black-gray micaceous 
sandstone, and some pale-gray fissile 
shale. Numerous gray and tan, 4¢- 
to %4-inch glassy quartz pebbles. Some 
beds ripple-marked, others slightly 
cross-bedded and banded. Flathead 
Marsh contact covered, but located 
to within five feet... 


Total thickness of Flathead sandstone 


“Marsh shale” of Walcott 
Argillite: lavender-maroon and _ green, 


slightly fissile, very slightly calcareous, 
thin-bedded to chunky; occasional 2- 
to 4-inch buff beds of argillitic sand- 
stone and rare, 1- to 14-inch beds of 
buff-weathering, impure limestone in 
lower part. Lavender beds exhibit 
pale-green spots. Rests on bright-buff 
weathering Helena limestone........ 


Total thickness of the Beltian............... 


The discordance in dip between Flat- 
head and Marsh appears to be 
10° to 12°. 


Total thickness of Middle Cambrian sec- 

Total thickness of Cambrian? section........ 
Total thickness of section measured.............. 
Although the original Helena section ® contained no new formational 
names, it has been used widely in geological literature by Knopf,** Wal- 
cott,°’7 Pardee,®* and others, in connection with mining reports on the 


GRIZZLY AND ORO FINO GULCHES, HELENA DISTRICT 


Feet 
93 
153 
220 
220 
1474 
1987 


2437 


6 W. H. Weed: unpublished report quoted by Adolph Knopf in Ore Deposits of the Helena mining 
region, Montana, U. S. Geol. Surv., Bull. 527 (1913) p. 89-91. 
Ibid. 
8 C. D. Walcott: Cambrian geology and paleontology, Smithson. Misc. Coll., vol. 64, no. 4 (1916) 


p. 267-269. 
63 J, T. Pardee and F. C. Schrader: Metalliferous deposits of the greater Helena mining region, 


Montana, U. 


S. Geol. Surv., Bull. 842 (1933) p. 204. 
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HELENA-GRIZZLY GULCH SECTION. HELENA DISTRICT WEED 1913 


ORIGINAL SECTION EMENDED SECTION 
DEVONIAN DEVONIAN 
DRY CREEK SHALE 
YOGO IN PART OF WEED z 
YOGO LIMESTONE 450 FEET i — a 


v4 
PILGRIM LIMESTONE |/—“>—“7/ 368 FEET 


PILGRIM LIMESTONE 


150 FEET 


PARK SHALE - 
me — 
PROBABLY NEARER EQUIVALENT 
I 2 
= I I 
OF NORTHWESTERN MONTANA FEET 
MEAGHER LIMESTONE FEET — 
I 
—— 
= === CAMBRIAN LIMESTONES 


WOLSEY SHALE 420 FEET 


BELTIAN MARSH SHALE 


Ficure 8—Comparison of Weed’s original and the emended Helena sections 


Helena district, and vicinity. Field work in the Helena area quickly 
showed that the original Helena section was a composite one, possibly 
measured locally in different areas. 

Comparison of the original and emended Helena sections shows sev- 
eral discrepancies which demand discussion (Fig. 8). The Flathead 
sandstone and Wolsey shale are much thinner than stated by Weed, 
being respectively 153 instead of 300 feet, and 258 instead of 420 feet. 
The fact should be emphasized that the Wolsey shale in the Helena region 


© W. H. Weed: op. cit., p. 89-90. 
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contains more calcareous shale and much more limestone than any other 
section in central Montana or Yellowstone National Park. 

The discrepancy between the original and emended thicknesses of the 
Meagher limestone is in contrast with that of the two basal formations, 
being actually 911 to 935 feet instead of 400 feet. The great thickness 
of these Middle Cambrian limestones is to be expected because of their 
proximity to northwestern Montana where Middle Cambrian sediments 
are much thicker than in central Montana. Although these limestones 
in the Helena section lie upon the Wolsey and beneath the Park shales, 
the writer does not concur with previous workers in assigning the name 
Meagher to these limestones. Two facts seem to make such a correlation 
untenable: 1. the limestones are immensely thicker than the typical 
Meagher, and 2. they are lithologically more similar to the formations 
in northwestern Montana ” above the Wolsey shale than to the Meagher 
limestone of the Little Belt Mountains. Evidence from fossils is not 
available. Mottled limestones typical of those in the Three Forks, Crow- 
foot Ridge, and Beaver Creek areas occur in two thin zones in the lower 
part of the limestones between the Wolsey and Park shales in the Helena 
area. This condition is anomalous, because mottled limestones were 
formerly thought to be characteristic of the Upper Cambrian and largely 
confined to the Pilgrim formation. These mottled limestones have not 
been previously described or reported, and must not be confused with 
such limestones described by Weed from the Pilgrim formation in the 
Helena section. 

The most important problem in connection with the Helena section is 
that of the Devonian-Cambrian boundary. This problem involves that 
of the age of the dolomites and limestones formerly called Upper Cam- 
brian by Weed and Walcott who assigned them to the Pilgrim, Dry Creek, 
and Yogo formations. The problem of the Yogo can be settled definitely, 
but the age of the shales, limestones, and dolomites comprising the Dry 
Creek and Pilgrim formations in the Helena area is still unknown. 

Rocks formerly named Yogo, and reported to contain glauconite, intra- 
formational conglomerates, and fossils of Cambrian age do not occur 
above the red shales called Dry Creek in the Helena section. Further, 
these upper rocks in the Helena region apparently are transitional from 
the red and green dolomitic “Dry Creek” shales into the overlying petro- 
liferous Devonian dolomites. Therefore, in the Helena area, as elsewhere 
in the State, the Yogo formation does not exist. 

The rocks in the Helena area assigned to the Dry Creek and Pilgrim 
formations by Weed" may be Devonian in age. The evidence that 


7 Charles Deiss: Paleozoic formations of northwestern Montana, Mont. Bur. Mines Geol., Mem. 6 


(1933) p. 35-39. 
7 W. H. Weed: op. cit., p. 91. 
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strongly suggests the Devonian age of these rocks is summarized in the 
following five points. 1. The mottled limestones in the “Pilgrim” of the 
original Helena section are dense, finely crystalline, black-gray, petro- 
liferous dolomites mottled black-gray and dark-gray instead of tan and 
black, and are not odlitic as are the typical mottled limestones of the 
Pilgrim formation in the Three Forks, Beaver Creek, and Yellowstone 
Park areas. The composition and superficial appearance in the field of 
these dolomites in the Helena area more closely simulate Jefferson lime- 
stone than any Cambrian rocks known to the writer. 2. Petroliferous 
limestones or dolomites of Cambrian age are extremely rare in Montana 
and Yellowstone Park. 3. The rocks called Pilgrim and Dry Creek in 
the Helena area are lithologically similar to those comprising the White 
Ridge and Glenn Creek members of the Jefferson limestone (Devonian) 
in northwestern Montana.”* 4. The “Dry Creek” red and green shale 
(similar in color, composition, and absence of fossils to the Glenn Creek 
shale) is overlain in the Helena area by light-colored, fine-grained, petro- 
liferous dolomites similar to those of the Coopers Lake limestone, the 
middle member of the Jefferson formation, in northwestern Montana. 
5. The Upper Cambrian limestones contain numerous fossiliferous intra- 
formational conglomerates everywhere else in central and southern Mon- 
tana, and Yellowstone National Park. The fact is striking, therefore, 
that not one bed of intraformational conglomerate could be found in the 
entire Helena section. 

The only evidence in opposition to the Devonian age of these rocks is 
the much greater thickness of dark dolomites beneath the red shale in 
the Helena area than in northwestern Montana, and the statement of 


Walcott that: 


“On the map accompanying Bulletin 527 the line between the Cambrian and 
Devonian rocks was supposed to be at the upper limit of a well marked shale deposit. 
Later work, however, after the map was made, showed that the limestones above 
this shale also belonged to the Cambrian, and that all of the south and southwest 
slope of Mount Helena was formed of Cambrian rocks; also that the upper boundary 
of the Cambrian southwest, south, and southeast of Helena would have to be placed 
at a higher horizon.” ™ 


Walcott gave no evidence for his statement. 

The present writer tentatively follows Weed’s and Walcott’s earlier 
practice in calling the rocks Cambrian above the Park shale and below 
the top of the “Dry Creek shale.” However, the suggestion is made as 
an alternative working hypothesis that these rocks may be Devonian. 
Dolomitization and metamorphism have changed the original appearance 


7 Charles Deiss: op. cit., p. 42. 
7%C. D. Walcott: op. cit., p. 269-270. 
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of the sediments and preclude the possibility of many fossils being found 
in them, thus increasing the difficulty of obtaining accurate field data 
for solution of the problem. 


SECTION IN VICINITY OF NIXON GULCH, THREE FORKS QUADRANGLE 


Peale’s original Three Forks Cambrian section ™ is a composite, gen- 
eralized one instead of a continuous stratigraphic sequence measured in 
one place or within a small area. Little, if any, of the section was meas- 
ured in the immediate vicinity of the town of Three Forks. A recon- 
naissance of the region north of the Gallatin River indicated that the 
best place to obtain a continuous section of the Cambrian rocks within 
the region covered by Peale’s original report was along the valley slopes 
of Nixon Gulch. The emended section was measured accordingly on both 
sides of Nixon Gulch in the S. 1% sec. 14, W. 1% sec. 22, central 1% sec. 238, 
NE. 4 sec. 27, and NW. 4 sec. 28; T. 2 N., R.3 E. Although the rocks 
in this area are not continuously exposed, most of them are exposed in 
contiguous areas and can be readily and accurately traced from one local- 
ity to another to form a complete section. 

Feet 
DEVONIAN 

Limestone: black-drab-brown, buff, and dark steel- 
gray, extremely petroliferous, crystalline; con- 
tains cavities filled with white amorphous 
calcite. Forms cliffs above measured section. 
Here base of Peale’s Devonian section. 

Limestone: drab, petroliferous, slightly dolomitic, 
argillaceous, thick- and massive-bedded, soft; 
grading upward into dark steel-gray, extremely 
petroliferous, hard limestone; white-gray, fine- 
grained limestone at base of interval locally; 

Limestone: one bed, or massive-bedded; black- 
gray, fine-grained, petroliferous, dolomitic; 
contains minute bands and flakes of clay; bed 
weathers dull dark-gray, and forms ledge...... 2 


Total thickness of Devonian measured............ 12 


UPPER CAMBRIAN 
Dry Creek shale of Peale 
Limestone: white-gray in upper and lower parts, 
bright-yellow in middle, massive but shaly- 
bedded, finely crystalline, pure; middle argilla- 
ceous; weathers white-gray, and to buff in 


7% A. C. Peale: The Paleozoic section in the vicinity of Three Forks, Montana, U. 8. Geol. Surv., 
Bull. 110 (1893) p. 20-25, pl. IV. 
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Feet 
Limestone: black-gray to drab-gray, hard, thin but 
massive-bedded in upper two-thirds; dull-tan 
to gray, soft, extremely argillaceous and con- 
tains gray and salmon-colored bands in lower 
third; all beds weather dull drab-buff......... 14%2 
Dolomite: yellow-buff and buff-gray, massive, 
thick-bedded (8 to 12 inches), extremely argil- 
laceous; weathers drab-yellow to gray, and to 
sharp points on joint faces; finely banded gray 
Limestone and mudstone: olive-buff-gray to buff- 
yellow, extremely argillaceous, thin-bedded 
(% to 1 inch) in lower two-thirds which 
weathers to dull-buff fissile plates with rounded 
edges. Upper third more olive-yellow, thicker- 
bedded, finely sandy, locally bright-yellow, 
stained salmon; weathered to same colors.... 15% 
Shale and mudstone: deep red-maroon and dull 
gray-maroon, sandy, thick-bedded, calcareous; 
sandy mudstone at top; interval weathers 
23 
Limestone: bright buff-yellow, dolomitic, argilla- 
ceous, platy, but irregularly bedded; exhibits 
faint pink spots and short streaks; weathers 
Limestone, shale, and conglomerate: tan and gray, 
thin and irregularly bedded, platy, fine-grained 
limestone and buff clay partings; many thick 
and few thin beds of dull-gray to tan and 
maroon, fine-grained intraformational conglom- 
erate containing tan and red, flat and rounded 
pebbles of fine-grained limestone. Upper beds 
weather red, and contain poor crinoid stems, 
and calcareous brachiopods. Fossil loc. 46-3.. 25 


Total thickness of Dry Creek shale............ 93 


Pilgrim limestone: may include Dry Creek shale of 
Little Belt Mountains 

Limestone and conglomerate: gray and tan-gray, 

massive, finely crystalline, thick-bedded locally ; 

upper surfaces rounded or channeled, over 

i which olive-gray shale and shaly limestone and 

intraformational conglomerate beds are folded; 

i brachiopods common in several upper and lower 
beds. Weathers gray and to rounded surfaces. 81 

Limestone: bright orange-brown, argillaceous, and 

shaly in upper 4 feet, nearly identical with that 

upon mottled limestone on Crowfoot Ridge; 

underlain by dark-gray, massive thick- and 
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Feet 
thin-bedded, fine-grained to finely odlitic lime- 
stone containing many buff-rusty-tan clay 
flakes and nodules; weathers more buff than 

Limestone: mottled; drab, odlitic, crystalline, thick- 
bedded (as much as 4 feet); on fresh fracture 
mottled black and tan-buff; weathers dull 
drab-buff-gray mottled with dark black-gray 
irregular spots, and to sharp points on joint 
and bedding surfaces; forms massive, drab 
cliffs. Middle beds carry poorly preserved tri- 

Limestone: dull drab-gray, tan-gray, and black- 
gray, fine-grained, thick- and thin-bedded, mas- 
sive, occasionally odlitic; contains orange-buff 
and tan sandy clay flakes, nodules and partings 
in lower part, and nodular beds in upper part; 
interval weathers gray-buff and gray; forms 
ledges beneath mottled limestone cliffs....... 48 


Total thickness of Pilgrim limestone.......... 402 


MIDDLE CAMBRIAN 


Park shale 

Shale: dull-green and chocolate-maroon, micaceous, 
fissile to chunky occasionally sandy; contains 
intercalated beds % to % inch in thickness of 
dull-green, fine-grained, argillaceous sandstone, 
and dull-gray, fine-grained, lenticular limestone 
which contains dark-green glauconite in lenses, 
and many tiny grains of limonite. Lenses in 
lower part contain rare trilobite fragments and 
few brachiopods. Fissile shales contain numer- 
ous Obolelia. Lower 30 feet of interval forms 

Shale and limestone: olive-green, micaceous, fissile, 
occasionally sandy shale in 2%4- to 4-foot inter- 
vals separated by tan-gray, fine-grained, thin- 
bedded (5% to 1% inches) limestones; interval 
weathers olive-drab-buff and dull-green. At 
base is 5-inch bed of intraformational conglom- 
erate; contains much buff limonitic clay in 

Limestone and shale: olive-green and gray, soft 
fissile, calcareous, slightly micaceous shale; 
interbedded with dull-gray, irregularly bedded 
(44 to 2% inches), fine-grained and finely crys- 
talline limestone mottled with olive-green 
shale; occasional intraformational conglomer- 
ates. Fossil loc. 46-1 in lower 16 feet of interval 2814 
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Feet 


Limestone and shale: interval much covered; tan 
to gray and dull-gray, thin-bedded (% to 1% 
inches), fine-grained to finely crystalline lime- 
stone; and buff-orange clay flakes, nodules, and 
partings; some intercalated calcareous, sandy 
clay shale; interval weathers buff............. 12 


Total thickness of Park shale................. 167 ' 


Meagher limestone 

Covered interval: slope of dull buff-brown soil and 
Note: the covered interval can not be underlain 

by green shale and must be included with 
the Meagher limestone. 

Limestone: black-gray, dark-gray, and tan-gray, 
generally thin but some thick beds in upper 
part, massive, hard, fine-grained; contains tan 
and in upper part rusty-brown, siliceous, sandy 
clay flakes and nodules. Limestone weathers 
dull or light-gray, and to sharp points on faces 
218 

Shale and limestone: dull olive-gray, olive-tan- 
gray, and buff-gray, soft, lumpy, thick-bedded, 
dense, calcareous clay shale; and thin and 
widely separated, irregular-bedded, sandy, argil- 
laceous limestone which contains rare tan-buff 
clay flakes. Shale carries rich and well pre- 
served Bathyuriscus fauna 7 to 14 feet below 
top of interval. Fossil loc. 45-3.............. 3442 

Limestone and shale: gray and tan-gray, thin and 
irregularly bedded (% to 3 inches, rarely 6 
inches), fine-grained to finely crystalline, fos- 
siliferous limestone; soft, calcareous, buff-gray 
shale in lower part; and green-buff-gray, argil- 
laceous, irregular-bedded, limestone inter- 
calated with 1- to 2-inch zones of black-gray, 
fissile shale in middle of interval. Fossils in 
shale and limestone 1 to 4% feet above base. 
This is Ehmania-zone, fossil loc. 45-2.......... 6%2 


Total thickness of Meagher limestone......... 347 


Wolsey shale 

Shale, limestone, and sandstone: drab olive- and 
dull-green, fissile, micaceous and sandy shale; 
intercalated beds of cream-gray, thin, platy, 
limonitic, sandy limestone and sandstone; and 
more dull-green and green-gray, platy, finely 
banded, finely crystalline limestone; weathers 
olive-buff-gray; limestone increases upward.. 111 
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Shale: drab olive-green and chocolate-maroon in 
irregularly alternating zones, fissile, micaceous; 
intercalated with drab green-buff, platy, finely 
banded, calcareous sandstone which carries 
much mica and many worm trails. Also many 
cream-gray, interbedded thin, nodular, crystal- 
line, impure limestones. Interval weathers 
dull-green, and forms shaly slope. Glyphaspis 
zone in upper 5 feet of interval; Zacanthoides 
zone 2 feet from bottom of interval. Two zones 
form top and bottom of fossil loc. 45-1......... 

Shale: similar to overlying interval............... 

Covered interval: dull gray-brown, gray, and buff- 
white-gray alluvium. From 64 to 75 feet below 
top is interval of black-green, mottled maroon, 
massive but thin-bedded, argillaceous, lumpy 
sandstone; and one 3- to 6-inch bed of dark gray 
limestone; all weather black, stained rusty- 

Shale: burnt black, wavy and thin-bedded, mica- 
ceous, impure, fissile, argillitic; carries worm 
trails; grades upward into drab-green, mica- 
ceous sandstone, and chunky olive-brown 


Total thickness of Wolsey shale.............. 


Flathead sandstone 

Sandstone and quartzite: dark purple-tan and 
purple-gray, irregularly bedded (2 to 14 inches), 
rusty-red and dull-purple weathering, irregu- 
larly banded quartzite; and drab-dull-green, 
fine-grained sandstone spotted with limonite. 
Forms upper ledge or escarpment at top cf 
Flathead sandstone... 

Quartzite and sandstone: pale-gray, white, pale- 
pink, and pink-gray, thick- and thin-bedded, 
medium- to fine-grained, spotted green in upper 
part; weathers red-buff and red-gray. In upper 
bed are angular quartz pebbles as much as %4 

Covered interval: sandy soil in flat saddle......... 

Quartzite: red-tan, massive, vitreous, in beds up to 
4 feet in thickness; some buff-banding, cross- 
bedding, and occasionally tiny pebbles in 
lenses; weathers dull-tan above bright banded 

Quartzite: purple-maroon, massive, extremely cross- 
bedded, sandy, in 6- to 15-inch beds, banded 
buff; some beds of frangible sandstone contain 
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lenses of loosely consolidated, small tan quartz Feet 
pebbles. No large (% to 1 inch) pebbles in 

any exposed beds in section, but basal bed 

north of Logan contains tan-gray quartz peb- 

bles as much as 1% inches in diameter........ 13 


Total thickness of Flathead sandstone........ 160 
Total thickness of Cambrian section.............. 1523 


Total thickness of section measured (Devonian in- 


Flathead quartzite rests upon  dull-green, 
coarse-grained, Beltian arkose, containing 
angular fragments of glassy quartz, pink 
orthoclase, and some green weathered horn- 
blende. Contact of Flathead on Beltian 
not exposed in measured section. Beltian 
rocks here strike N. 85° E., and dip 
20-25° N. 


The Nixon Gulch section is the key to the stratigraphy of the Middle 
Cambrian formations in southern Montana and northern Wyoming. The 
section exhibits numerous clearly defined faunal zones which contain 
an abundance of well preserved fossils. 

The discrepancies in thicknesses of formations between the original 
and the emended sections are shown in Figure 9. The more striking are 
those for the Meagher limestone (347 instead of 120 feet), for the Pilgrim 
limestone (402 instead of 260 feet), and for the Dry Creek shale (93 
instead of 30 feet). 

The most serious error in the original section was the description of 
145 feet of beds called “Pebbly limestones” by Peale.”* His description 
is applicable in a general way to the beds in the upper 81 feet of the 
Pilgrim limestone of the Three Forks area, but does not apply to any 
beds overlying the Dry Creek shale. In fact, no intraformational con- 
glomerates occur in the Nixon Gulch area above the basal third of the 
Dry Creek shale, and no fossils could be found, although the beds were 
carefully searched. However, the edgewise conglomerates in the basal 
part of the Dry Creek do contain trilobites, crinoid stems, and numerous 
calcareous brachiopods (Billingsella and Eoorthis?). The Dry Creek 
shale grades upward into buff and gray limestones which are overlain 
by typical black-gray petroliferous Jefferson dolomite. Consequently, 
the upper Cambrian beds in the Three Forks (Nixon Gulch) section are 
nearly identical lithologically with those in the Little Belt Mountains, 
and the old “Pebbly limestone” member of Peale’s section does not 


7% A. C. Peale: op. cit., p. 24-25. 
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Ficurn 9—Comparison of Peale’s original and the emended Three Forks sections 


exist. Thus, in this section, as in all the other measured ones, there are 
no Cambrian rocks above the red Dry Creek shale which could be con- 
sidered equivalent to the old “Yogo limestone” of Weed (p. 1283-1284, 


1335-1337). 


Except for the “Pebbly limestones,” and the discrepancies in thick- 
nesses, the subdivisions of Peale’s Cambrian section are readily recog- 
nizable in the field. In addition, all the formations except the Flathead 
and Pilgrim contain numerous and easily obtainable fossils. For these 
reasons the Three Forks (Nixon Gulch) section is specially valuable as 
a standard for correlation in southern Montana. 
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SECTION ON NORTHWEST SPUR OF CROWFOOT RIDGE, GALLATIN RANGE, 
YELLOWSTONE NATIONAL PARK 


Crowfoot Ridge lies near the southern end of the Gallatin Range in 
the northwestern corner of Yellowstone National Park, 8 to 9 miles 
south of the Montana-Wyoming boundary. Weed described Crow- 
foot Ridge in these words: 


“The marked contrast between the topographic character of the southern side of 
Crowfoot Ridge and that of the northern side is noteworthy. The southern slopes 
are almost free from lateral spurs of any size and the ridge is approximately straight. 
On the north, spurs branch off at short intervals, increasing in size toward the west 
until they attain the proportions of mountain ridges. The three most prominent of 
these spurs trend north.”” 


The original and emended sections were measured on the western and 
highest of these northern spurs, beginning at the north side of Crowfoot 
Ridge above the saddle at an elevation of 9560 feet. The section traverse 
crossed the first saddle and the top of the first limestone cliff (elevation 
9700 feet) , continuing westward and then northward on the extreme west- 
ern ridge to the top of the white dolomite cliffs, and beyond to the dark 
drab-brown Devonian limestone on the south side of the saddle immedi- 
ately north of the white dolomite cliffs. 
Feet 
DEVONIAN 
Dolomite: white to light-gray in lower 31 feet, pink 

and mottled pale-red in overlying 48 feet, and 

buff, gray, and brown in upper 68 feet, all hard, 

finely crystalline, thick- and thin-bedded, mas- 

sive; weathers white-gray in lower part, stained 

irregularly red on cliff faces of middle part. 

Upper 68 feet weathered dull-gray, and at top 

drab-brown. All massive cliff-forming........ 147 


Total thickness of Devonian measured................ 147 
Note: Above part of section measured through 
chimney in high white cliffs. Contact of 
Devonian-Cambrian beds drawn at top of 
highest Cambrian fossil horizon, where 
Weed also drew line at top of his Gallatin 
limestone. 


UPPER CAMBRIAN 
Dry Creek shale 
Limestone and conglomerate: dove-gray, thin- 
bedded, platy, fine-grained, finely banded lime- 
stone separated by irregular and thinner bands 
of bright-buff sandy clay partings; limestones 
weather gray, stained red on joint faces, and 


7% W. H. Weed: Geology of the Yellowstone National Park, U. S. Geol. Surv., Mon. 32, pt. 2 
(1899) p. 5. 
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carry many Billingsella on upper surfaces. In 
upper three-fifths of interval much tan and 
gray, fine-grained, irregularly bedded limestone 
which contains buff and tan clay flakes and 
partings; interbedded with several thick beds 
of intraformational conglomerate containing 
brachiopods, crinoid stems, and trilobite frag- 
Shale: olive-green and gray, fissile, smooth; in 
lower half, drab-buff and gray. Many inter- 
calated dove to gray, irregularly bedded (% to 
1% inches), fine-grained limestones; upper half 
carries indefinite worm trails. Interval forms 
Limestone, conglomerate, and shale: tan-gray, thin- 
bedded, crystalline limestone, extremely irregu- 
lar flaggy bedding in lower part; interbedded 
with intraformational conglomerate in 1- to 
9-inch beds, and with olive-gray-green, fissile 
smooth shale. Lower crinoid-zone, and base of 
fossil loc. 44-2 in upper 6 inches of interval.... 
Shale and limestone: chocolate-maroon and drab 
olive-gray, fissile, maroon-weathering shale in 
upper 10 feet; dull-green to gray, fissile, soft, 
olive-green weathering shale in lower 2 feet; 
and drab-tan, sugary, shaly argillaceous, dolo- 
mitic limestone, and crystalline limestone in 
middle 4 feet. Limestone weathers deep drab 
rusty-brown and forms slabs................. 


Total thickness of Dry Creek shale........... 


Pilgrim limestone 

Limestone: buff to brown, nearly unbedded, crystal- 
line, dolomitic; weathers deep buff-brown, and 
to sharp angular fragments................... 

Limestone: pale-chocolate and gray, extremely mas- 
sive and thick-bedded, finely to medium crys- 
talline, hard, mottled irregularly buff on fresh 
fracture; weathers dull-gray, and to irregular 1- 
to 3-inch olive-buff-gray and red bands and 
irregular spots. Forms massive, sheer cliffs. 
This is “mottled limestone” of Weed’s section. . 

Limestone and conglomerate: tan and gray, platy 
to fewer thick beds, finely crystalline to 
extremely fine-grained limestone, containing 
occasional glauconite grains, and clay flakes and 
nodules; interbedded with tan, crystalline 
intraformational conglomerate, and with bright- 
tan to buff clay partings. Pebbles small and of 
lithographic limestone. Numerous fragments 
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of trilobites (mostly spines), and few of 
brachiopods on upper surfaces of conglomer- 
ates. Interval weathers buff, strongly banded 
bright-buff in lower part. Fossil loc. 44-1.... 


Limestone, and little conglomerate: steel-gray and 


cream-gray, hard, massive, crystalline and fine- 
grained, thin (4% to 2 inches) and irregularly 
bedded, occasionally odlitic; and bright-tan to 
buff, sandy, clay partings and flakes; few olive- 
green, micaceous clay partings. Worm trails 
numerous on some beds. Upper 6 feet of inter- 
val largely intraformational conglomerate con- 
taining grains of bright-green glauconite; peb- 
bles pale-gray, % to % inch, but generally less 
than % inch in thickness, fine-grained. Interval 
weathers dull-gray and little buff............. 


Total thickness of Pilgrim limestone......... 


MIDDLE CAMBRIAN 


Park shale 
Limestone and shale: bright-buff, thin-bedded, 


argillaceous limestone intercalated with 
much buff shale. Interval largely covered with 
talus from overlying Pilgrim limestone cliffs. . 


Shale: chocolate, maroon, and green; and few in- 


tercalated 2-inch beds of crystalline, rusty 
weathered glauconitic limestone............. 


Shale: purple and green, fissile, slightly micaceous; 


contains few intercalated coquina lenses 1 to 4 
inches in thickness, and thin-bedded, crystal- 
line limestone which carry large glauconite 
grains and rare fossils. Occasional beds of in- 
traformational conglomerates, and green, thin, 
micaceous, 1-inch limestone beds in lower part. 
Fossils collected from lenses. Fossil loc. 43-3. . 


Total thickness of Park shale................. 


Meagher limestone 
Limestone: brown soil slope strewn with 3- to 5- 


foot limestone concretions? Limestone 
beneath hemispheres deep-tan, hard, finely 
crystalline, ferruginous; contains gray, calcite 
crystals, and 1- to 3-inch irregular beds of 
rusty-brown, calcareous, sandy clay. Concen- 
tric bands in upper part of hemispheres dark- 
blue to brown, crystalline limestone which 
weathers gray and slightly sugary. Upper 
bands carry rare trilobite heads.............. 
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Feet 
Limestone: pale tan-gray and gray, thick-, thin-, 
and irregular-bedded, fine-grained; contains 
bright-buff, orange-buff, and gray clay flakes, 
nodules, and partings; some beds contain cal- 
cite crystals. Interval weathers gray, and gray- 
buff, and forms north side of first limestone 
point (elevation 9700) in section............. 123 
Limestone: tan, dark-tan, tan-gray, and little gray 
in upper part, hard, thin and_ irregularly 
bedded, fine-grained, contains pale-gray, buff, 
tan, and orange to red clay flakes, nodules, 
and partings. Interval forms cliffs, and 
weathers gray and pale-gray, banded in parts.. 203 
Shale and limestone: dark olive-green and gray, 
fossiliferous, paper-thin-bedded; intercalated 
with %-inch lenses of fossiliferous, gray, fine- 
grained limestone. Shale weathers drab- 
green to buff, and rarely crops out. Fossil 
Limestone: pale-tan to gray, fine-grained, ex- 
tremely fossiliferous, thin-bedded; contains 
flakes and nodules of buff clay, and some in- 
tercalated bands of olive-buff clay in upper 3 
feet; weathers bright-buff. Hhmania-zone here. 
Limestone and little shale: olive-gray, gray, and 
tan-gray, thin but massive-bedded, argilla- 
ceous, fine-grained, nodular-bedded in upper 
part; contain numerous tan and few olive-buff 
clay flakes, nodules and partings; inter- 
bedded with olive-green-gray, fissile shale 
zones, and partings. Interval weathers gray 


Total thickness of Meagher limestone....... 383 


Wolsey shale 

Shale and limestone: green, alternating beds 3 to 8 
inches in thickness, fissile shale; and 2- to 7- 
inch intervals of rusty-gray and green, sandy, 
finely banded, rusty-weathering, thin-bedded 
limestone containing numerous worm trails. 
Limestone increases upward. Interval weathers 

Shale: green, less chocolate and maroon, fissile, 
micaceous; and few intercalated, platy, limoni- 
tic, rusty-weathering limestones. Interval 
weathers green-gray, banded brown and 
maroon. From 10 to 25 feet above base of 


q 
| 
q 
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Shale, limestone, and sandstone: drab-green, sandy, 
lumpy, micaceous shale; thin-bedded (% to 1 
inch), sandy, rusty weathering, glauconitic 
limestone, containing numerous limonite grains 
and worm trails; all interbedded with hema- 
titic, soft, argillaceous, thin-bedded sandstone, 
and some red-brown sandy shale; weathers 

Shale: olive-green-brown in upper part, gray-buff- 
green in lower, slightly micaceous, sandy, 
lumpy; occasional worm trails on thicker beds. 
Interval weathers drab gray-buff.............. 


Total thickness of Wolsey shale.............. 


Flathead sandstone 
Sandstone: two beds; gray-white, vitreous, quartz- 
itic, fine- to medium-grained, mottled tan; 
weathers drab rusty-brown, and forms dip- 
slope on southeast side of gully below basal 
Shale and sandstone: olive-buff, sandy shale, and 
intercalated thick and irregularly bedded, mot- 
tled maroon and green, fine-grained, argilla- 
ceous sandstone; weathers dull-buff and drab- 
tan. In upper middle of interval is gray, vit- 
reous, 4-foot zone of quartzite; beds contain 
bright limonitic spots and occasionally irreg- 
ular bands; weathers drab-tan................ 
Hematite: 1- to 2-inch beds; odlitic, argillaceous, 
sandy, contains many large, glassy quartz 
grains in two beds; carries many calcareous 
brachiopods. Fossil loc. 43-1................ 
Shale and mudstone: olive-green, fissile, finely 
micaceous; contains brachiopod fragments; 
overlain by sandy, lumpy, rusty tan weathered 
shale. Basal 8 inches of rusty gray sandy 
Quartzite and sandstone: buff and tan, white-gray, 
and pale-pink, vitreous, thin-bedded, medium- 
grained quartzite; interbedded with similar 
colored, thicker-bedded, banded sandstones 
which contain many clear, glassy quartz 
grains 4g inch in diameter. Interval weathers 
pale-gray in lower, and drab-rusty-tan in upper 
Sandstone and quartzite: purple-maroon, and buff, 
2- to 8-inch beds, fine-grained, cross-bedded 
sandstone in upper 13 feet; weathers dull- 
maroon. Lower 18 feet 7 inches of interval 
dark-purple, pale-buff, pink, and maroon, fine- 
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and coarse-grained, thick and cross-bedded, Feet 
banded quartzite; contains many %4- to \%-inch 
quartz pebbles. Interval weathers dark-maroon 
Quartzite: dull-maroon, some beds _pale-buff, 
slightly vitreous, coarse- to medium-grained 
to 8- to 14-inch beds; contains tan, milky, and 
clear glassy quartz pebbles, % to 3% inches in 
diameter; smaller pebbles slightly rounded, 
larger ones angular; nearly all weather tan. 
Many %- to %4-inch pebbles concentrated into 
lenses as in lower Flathead sandstone every- 
where in Montana. Quartzite weathers dull 


Total thickness of Flathead sandstone........ 93 
Total thickness of Cambrian section............. 1002 
Total thickness of section measured.................: : 1149 


Base of Cambrian in contact with extremely 
coarse-grained, pink Archean granite. 


In 1899, Weed designated the Crowfoot Ridge section the standard for 
Yellowstone Park by the statement: 

“A very carefully measured section was made of the Paleozoic strata exposed 
on a northern lateral spur of Crowfoot Ridge. ... The section of the sedimen- 


tary rocks made at this place has served as a basis of comparison for all the other 
sections of the Paleozoic rocks made in the Gallatin Range.”” 


Of the ten original sections remeasured in connection with the present 
problem, the measurements given for Crowfoot Ridge are the most accu- 
rate, and the rocks composing it are the best exposed. Further, the 
various lithologic units given for the original section are accurately 
described, and therefore readily recognizable in the field. Consequently 
there are few significant discrepancies between the original and the 
emended Crowfoot Ridge section (Fig. 10). Weed ** gave 870 feet as the 
total thickness of the Cambrian rocks on Crowfoot Ridge, whereas the 
writer found approximately 1002 feet. The greatest discrepancy in thick- 
ness of formations, 153 feet, is that given for the Meagher limestone in the 
emended section and its quivalent (units 6 to 11) in the original section. 

Three lithologic conditions unique to the Crowfoot Ridge section are 
worthy of note: 1. The basal bed of the Flathead sandstone contains 
larger pebbles (214 to 3% inches) of Archean quartz than do any of the 
sections in Montana. 2. The upper surface of the Meagher limestone 


77 Op. cit., p. 6. 
%8 Op. cit., p. 8. 
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CROWFOOT RIDGE SECTION. GALLATIN RANGE. YELLOWSTONE PARK. WEED 1899 


ORIGINAL SECTION EMENDED SECTION 


SILURIAN JEFFERSON DEVONIAN JEFFERSON 


ORY CREEK FORMATION 79 FEET 
GALLATIN FORMATION 
PILGRIM LIMESTONE (72 FEET 


PARK SHALE 120 FEET 


__ 


~ 
I 
I 
FLATHEAD FORMATION 670 FEET 
I MEAGHER LIMESTONE 3e6 FEET 
=== 
= 
~WOLSEY SHALE 150 FEET 
ARCHEAN ~ 
FLATHEAD SANDSTONE 93 FEET 
ARCHEAN 


Ficure 10—Comparison of Weed’s original and the emended Crowfoot Ridge sections 


exhibits a number of hemispheric, concretionary structures, 3 to 5 feet 
in diameter. The apices of the hemispheres are upward. The concentric 
layers forming the hemispheres consist of dark-blue to brownish, crys- 
talline limestone, which weathers gray and to slightly sugary surfaces, 
and contains rare trilobite cranidia. From the top downward, these con- 
centric layers become less curved so that just below the bases of the 
hemispheres the beds or layers are approximately flat, and from that 
point downward consist of deep tan-brown, finely crystalline, hard, fer- 
ruginous limestone with gray calcite crystals and irregular, thin (1- to 3- 
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inch beds) rusty brown, calcareous, sandy clay. This phenomenon is 
not found in any other of the sections in central or southern Montana. 
3. The Crowfoot Ridge section is also the only one in which intraforma- 
tional conglomerates occur above the base of the Dry Creek shale. The 
Dry Creek in Yellowstone National Park also differs from that in the 
Montana sections in possessing less buff dolomitic mudstone, and thinner 
shale zones separated by thick fossiliferous limestones and conglomerates. 

The Crowfoot Ridge and Nixon Gulch sections have a unique point 
in common; the presence of crinoid stems associated with trilobite frag- 
ments and calcareous brachiopods. On Crowfoot Ridge, these fossils 
are in the intraformational conglomerate beds throughout the upper and 
middle parts of the Dry Creek shale, but in Nixon Gulch are apparently 
restricted to one bed of similar conglomerate, tentatively placed at the 
base of the Dry Creek shale. The species from the two localities have 
not been carefully studied. 

The Crowfoot Ridge section contains more Upper Cambrian fossils 
than any section in Montana. These fossils are concentrated largely 
into two thick zones; the first being in the middle and upper parts of 
the Dry Creek, and the second in the middle of the Pilgrim formation, 
from 5 to 35 feet below the mottled limestone cliffs. The section also 
contains rich zones of Middle Cambrian fossils located in the upper- 
middle part of the Wolsey shale, the lower part of the Meagher lime- 
stone, and in the limestone-lenses intercalated with the Park shale. 
Small brachiopods are numerous in several thin, hematitic, coarse-grained, 
quartzitic sandstone beds approximately 25 feet below the top of the 
Flathead sandstone. The discovery of Flathead fossils on Crowfoot 
Ridge is interesting because fossils are unknown in the Flathead sand- 
stone in Montana. 

CAMBRIAN FORMATIONS 
GENERAL STATEMENT 


The publications dealing with the problem of Cambrian nomenclature 
in central and southern Montana and Yellowstone National Park are 
discussed in the historical summary of this paper (p. 1261-1268). The 
reasons also are given for the establishment of Weed’s formational 
names” for the Little Belt Mountains as the standard for Montana 
(p. 1264). The fact was previously stated that Peale’s original Flathead 
and Gallatin formations *° are not valid because the latter included both 
Middle and Upper Cambrian rocks (p. 1262). Although Weed and 
others continued to use Peale’s old names, Flathead and Gallatin forma- 


7 W. H. Weed: Geology of the Little Belt Mountains, Montana, U. S. Geol. Surv., 20th Ann. 
Rept., pt. 3 (1900) p. 285-286. 

80 A. C. Peale: The Paleozoic section in the vicinity of Three Forks, Montana, U. 8S. Geol. Surv., 
Bull. 110 (1893) p. 14, 20-25. 
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tions, the meanings of these names unfortunately were never redefined 
and given official status. Finally, because of an error by Walcott, the 
old formational name Gallatin was dropped, but the name Flathead was 
retained to include only strata equivalent to the old Flathead quartzite 
member of Peale’s Flathead formation. 

In the present paper, the names given by Weed * for the Little Belt 
Mountains are retained to designate the type Cambrian formations of 
central and southern Montana and Yellowstone National Park. These 
names are chosen as types because they were correctly used and estab- 
lished by Weed in 1900; they have been used widely by later writers; 
they are given official sanction by the United States Geological Sur- 
vey; and they are taken from carefully measured and located sec- 
tions, all grouped within one natural stratigraphic and structural province, 
the Little Belt Mountains, located approximately in the central part 
of the Cambrian basin in Montana. 

The formational names, Flathead, Wolsey, Meagher, Park, Pilgrim, and 
Dry Creek, were correctly taken from geographic features. However, the 
location of these geographic features were not and are not the type locali- 
ties or sections of either the original or the emended formations. This 
fact must be clearly understood by future workers. Failure to understand 
this situation has been the cause of confusion in several papers. This 
confusion was augmented by Weed’s failure to specify precisely an ex- 
posure or measured section as the type for each of his original forma- 
tions. In the following pages the type locality is given for each forma- 
tion immediately after each emended definition. 


FLATHEAD SANDSTONE 


Original definition—“The base of the Cambrian is formed by a quartzite, which 
in the Little Belt Mountains is somewhat fissile, impure, and shaly in the middle, 
so that the formation consists of three members. The lowest bed is a granular but 
generally well-indurated sandstone, of a white, pink, or dark-red color, often cross 
bedded, and occurring in strata 3 to 10 feet thick. The base is often a conglomerate. 
The following section, made in the bluff of Belt Creek 8 miles south of Monarch, 
shows the composition of the formation. 

“Section on Belt Creek 8 miles south of Monarch, Montana. 


Feet 

Ferruginous sandstone carrying fossil remains....................... 10 
“Flathead sandstone: 

Sandstone; dirty white to buff; flaggy......................0000000- 15 
Sandstone; fissile, impure, purple, and rusty colored................. 30 


W. H. Weed: ibid. 
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Feet 
Quartzite; vitreous, hard, massive, knotty, neither well bedded nor 
Augite-syenite sheet; 70 feet thick. 
Sandstone; dark red and ferruginous................0....eeeeeeeees 25-50 


“Intrusions are frequently found elsewhere in the horizon here occupied by the 
syenite. The upper sandstone, a white granular rock, weathering with a pitted, 
pockety surface, covers Belt Park, and is exposed in the little gullies that indent 
its surface. On Sawmill Creek and along the O’Brien Creek road the basal bed 
was not measured, as no good exposures were observed, but its thickness was esti- 
mated to be 50 feet. A sheet of porphyry 50 to 60 feet thick is intruded between 
this lower bed and the higher quartzite. The latter differs in appearance. The 
rock is not so distinctly bedded, and shows rounded, spheroidal weathering. It is 
well exposed near the Sawmill and generally over O’Brien Park.” @ 


Discussion —The tripartite condition indicated in the original defini- 
tion of the Flathead sandstone is neither readily observable in the type 
section on Belt Creek, nor characteristic of the formation throughout 
Montana and Yellowstone National Park. Weed’s definition is correct 
and generally applicable to the basal Cambrian sandstones of the area, 
but does not present their most diagnostic characteristic—the presence 
of numerous small, water-worn, pure, glassy, quartz pebbles. Every expo- 
sure of these sandstones in Montana and Yellowstone Park exhibits these 
pebbles, regardless of the character of the rocks upon which the Flathead 
rests. In 1935 the writer suggested an explanation for the origin of these 
pebbles as follows: 


“The source of the pure, tan and white quartz pebbles in the Flathead sandstone 
has been unknown, and still remains in comparative obscurity. One fact bearing 
upon the problem is that there are no Beltian rocks, known to the writer, anywhere 
in northwestern Montana, which could possibly have furnished quartz. The pebbles, 
therefore, probably represent the insoluble debris eroded from holocrystalline gra- 
nitic Archean rock, and must have been transported for considerable distance. The 
Archean mass in the general region of Yellowstone Park and in the contiguous area 
in southern Montana furnished part of the pebbles, and possibly the other Archean 
masses in central Montana, as well as the southwestern part of Laurentia, also con- 
tributed many.” 


All the field evidence obtained in central and southern Montana and 
in Yellowstone Park substantiated the conclusion that the quartz pebbles 
in the Flathead formation consist of reworked, weathered Archean gra- 
nitic quartz. Fossils are unknown in the Flathead sandstone except on 
Crowfoot Ridge (p. 1325). 


82 Op. cit., p. 285. 
83 Charles Deiss: Cambrian-Algonkian unconformity in western Montana, Geol. Soc. Am., Bull., 


vol. 46 (1935) p. 116. 
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Emended definition—Everywhere in Montana and Yellowstone Na- 
tional Park the Flathead sandstone rests upon pre-Cambrian rocks and 
is the basal formation of the Cambrian system. Within this region the 
greatest thickness of the Flathead is 276 feet, in the Beaver Creek area 
(p. 1300) ; and the least thickness is 93 feet, on Crowfoot Ridge (p. 1323). 
The formation averages approximately 180 feet within the area, but thins 
northwestward to an average of 90 feet in northwestern Montana. The 
Flathead formation consists of cross-bedded, thin- and thick-bedded 
sandstones, which have been indurated locally into quartzites. In general 
the sediments are cleanly washed white quartz sands, cemented in a 
matrix of silica or of hematitic clay which stains the rock dull red. The 
most striking and diagnostic characteristic of the formation is the nearly 
universal presence of tan and white, pure quartz pebbles, which range 
from less than a quarter of an inch to more than three inches but gen- 
erally average less than five-eighths of an inch in diameter, are well 
rounded, and are largely concentrated into thin lenses. Nearly every 
exposure also contains pebbles scattered haphazardly throughout the 
sandstone. Limonite is disseminated throughout the formation, and 
is present in every known section. The rusty buff color to which the 
Flathead characteristically weathers is produced by altered limonite. 
The Flathead sandstone is much more resistant to weathering than is the 
overlying Wolsey shale, but normally does not form notable cliffs or 
bluffs above the underlying pre-Cambrian rocks. In addition to cross- 
a ; bedding, which is variously developed in different sections, most of the 
. oe exposures of the Flathead in central Montana exhibit purple-maroon 
: % and buff banding, particularly in the lower half of the formation. Almost 
A everywhere, the upper half of the formation is thinner-bedded, more 
‘ sandy, and contains intercalated, micaceous, sandy, thin beds of shale. 
The upper part of the formation in many localities also contains odlitic 
hematite or extremely hematitic sandstone, as much as 2 feet in thick- 
ness, which often marks the top of the formation. Fossils are unknown 

 . in the Flathead sandstone, except on Crowfoot Ridge, where they occur 

in association with the hematite zone in the upper third of the formation 

? os (p. 1822). Although the type section of the emended Flathead is on 

® e Belt Creek, the formation is better exposed, more complete, and less 

= metamorphosed on Crowfoot Ridge in Yellowstone Park, Checkerboard 

Creek in the Castle Mountains, and on Beaver Creek in the northern 
part of the Big Belt Mountains. 


WOLSEY SHALE 


Original definition—‘Wolsey shale—The quartzite is overlain by shale, which is 
well exposed in Keegan Butte and the hill south of it which rises above the open 
and nearly level surface of Belt Park. The shale is dark gray or greenish, often 
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micaceous, and carries oval concretions of limestone a few inches thick and seldom 
over 6 inches long. These concretions contain fossils which Mr. Walcott has identi- 
fied as Middle Cambrian forms. These shales average 150 feet in thickness, and 
are well exposed at the old dam on Sheep Creek near Wolsey.” “ 

Discussion.—The original description of the Wolsey is essentially 
correct, but is not sufficiently detailed to give a comprehensive picture 
of the formation. The exposure referred to by Weed, near the old dam 
on Sheep Creek, is now covered. The name Wolsey was taken from that 
of an old post office at a ranch on Sheep Creek. The post office is no 
longer in existence, but the name is retained because of its wide use in 
the Cambrian literature of Montana. 


Emended definition—The Wolsey shale rests conformably upon the 
Flathead sandstone, wherever these formations are exposed in Montana 
or Yellowstone Park. The deposit is clearly transitional between the 
subjacent, coarsely clastic Flathead sandstone and the superjacent 
Meagher limestone. In fact, to find any natural plane or surface of 
division separating the Flathead from the Wolsey is extremely difficult. 
In sections where the transitional character is exceptionally developed, 
the horizon chosen by the writer to separate the formations is the base 
of the first prominent shale zone, even though occasional sandstones may 
be intercalated above this horizon. The greatest thickness of the Wolsey 
in central Montana and Yellowstone Park is 363 feet, on Beaver Creek 
(p. 1298-1299), and the least thickness is 150 feet, on Crowfoot Ridge 
(p. 1822-1323). The formation averages approximately 243 feet in thick- 
ness within the same area. 

The Wolsey possesses most of the following characteristics in nearly 
every section in Montana and Yellowstone National Park. The lower 
part of the formation consists of dominantly dull-green to greenish-gray 
shale, interbedded with thin lenses of sandstone. The shale is usually 
fissile and soft, and contains varying amounts of sericite and green bio- 
tite. The sandstones in the lower third of the Wolsey are thin and 
platy, and contain limonite, which causes them to weather to rusty brown 
surfaces. Worm trails, Cruziana, and borings are common. In some 
localities there are also several zones of loosely consolidated sandstone 
similar to that in the underlying Flathead. The middle part of the 
Wolsey formation consists of nearly pure, micaceous, paper-thin shale 
and occasional thin, platy, intercalated beds of rusty-weathering sand- 
stone, which in the upper part is often slightly calcareous and usually 
contains worm markings. Several zones of chocolate-brown fissile shales 
are interbedded with the characteristically green shales. Limestone 
lenses, 4 to 24 inches, but averaging 12 inches in diameter, are also inter- 


8 W. H. Weed: op. cit., p. 285. 
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calated with many of the shale beds throughout the formation. These 
lenses are dull-gray to greenish-gray and buff, hard, finely to medium 
crystalline limestone, generally crowded with brachiopods and disarticu- 
lated trilobite fragments. Weathered limonite and glauconite grains are 
present in some lenses. Although these lenses occur abundantly in the 
Little Belt, Big Snowy, and Castle mountains, they are rare or wanting 
in the Wolsey shale at the other localities. The upper third of the Wolsey 
consists of fissile shales, dominantly chocolate- to maroon-brown in the 
upper part. Green shales are also present, and in several places are 
interbedded with several zones of black, paper-thin shale. The upper 
third of the Wolsey shale generally contains slightly less mica than the 
lower two-thirds. Intercalated with the shales are numerous thin beds 
of gray, crystalline limestone, which contain much iron and glauconite, 
and weather to drab rusty brown surfaces. In addition to those in the 
limestone lenses, fossils are also present in the fissile maroon and green 
shales, and are largely concentrated into two zones. In the type section 
the upper of these two zones occurs 10 to 24 feet below the top of the 
Wolsey, and the lower occurs 25 to 50 feet below the upper zone. The 
type section of the emended Wolsey formation is on the south end of 
South Hill in Belt Park. The best exposure of the formation within the 
area under consideration is on Crowfoot Ridge. 

Fossils —The stratigraphic horizon of the species preceded by an aster- 
isk in the following list is known to be correct; others are tentative: 


Alokistocare majus (Walcott) Glyphaspis camma (Walcott) 
Alokistocare pomona Walcott *Glyphasms capella (Walcott) 
*Anoria bessus (Walcott) Hyolithes primordialis White 
*Bolaspis labrosa (Walcott) *Obolus (Westonia) ella 
Bolaspis nethartensis Resser (Hall and Whitfield) 
Crusoia cebes Walcott ?Obolus tetonensis Walcott 


Glyphaspis calenus (Walcott) 


MEAGHER LIMESTONE 


Original definition.—“Meagher limestone —The summits of Belt Park buttes are 
capped by thinly and irregularly bedded limestones. The rocks consist of pure gray 
limestone mottled with patches of buff-colored, arenaceous, clayey matter. The ex- 
posed edge of the bed shows wavy—almost crinkled—bedding planes. Over 60 feet 
of these beds are exposed on Keegan Butte. The lower strata carry no distinguish- 
able fossils, and weather into very small, irregular, gravelly debris. The upper beds 
are spotted with green glauconite grains and contain numerous fossil fragments.” * 


Discussion.—The original definition of the Meagher limestone is essen- 


tially worthless because of three errors, two of which are stated and the 
third is implied. These are: 1. The summit of Keegan Butte is not com- 


8° W. H. Weed: op. cit., p. 285-286. 
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posed of Meagher limestone. This point involves that of the original 
type section of the Meagher and of the actual validity of the name, and 
is discussed fully on page 1277. 2. The original definition fails to indicate 
the presence of thick zones and numerous thinner partings of shale within 
the formation wherever it is exposed in central and southern Montana 
and in Yellowstone Park. 3. The formation contains very few glauconite 
grains in most of the measured sections. The original definition is also 
inexact because it fails to define the stratigraphic boundaries and posi- 
tion of the formation. The stratigraphic position, however, is indicated 
in Weed’s various detailed and columnar sections ** as above the Wolsey 
shale and beneath the Park shale. The name Meagher is retained because 
it has been used repeatedly in the literature to denote the limestones in 
central Montana that actually lie between the Wolsey and the Park shales. 


Emended definition—The Meagher limestone rests conformably upon 
the upper beds of the Wolsey shale, and is overlain by the Park shale 
everywhere in the area. The most diagnostic characteristics of the 
Meagher formation are the thick- and thin-bedded gray and tan lime- 
stones, which contain buff clay flakes and nodules irregularly disseminated 
throughout most of the lower beds, and weather buff to pale-gray; the 
green-gray, fissile shales interbedded with the limestones; and the absence 
of intraformational conglomerates. The Meagher is usually recognizable 
throughout central Montana by means of buff-weathered cliffs or, in their 
absence, limestone soil between the Wolsey and the Park shales. 

The Meagher limestone varies in thickness more than any other Cam- 
brian formation in the area. The greatest thickness, excluding the lime- 
stone of the same stratigraphic position in the Helena area (p. 1305), is 
416 feet on Beaver Creek, and the least thickness is 50 feet on Half 
Moon Pass. The formation thickens from the Big Snowy Mountains 
westward and southwestward, and averages approximately 258 feet. 

In the type locality on South Hill, and on Checkerboard Creek, the 
Meagher consists of three lithologic subdivisions. The basal one is thin- 
bedded, gray to green-gray limestone containing flakes and nodules of 
tan and buff sandy clay. These beds weather buff-gray to pale-buff, 
comprise the thinner part of the formation, and carry the majority of 
fossils known from the Meagher. The middle subdivision consists of 
green to green-gray, fissile, micaceous shale, interbedded with a few gray 
and tan-gray, thin-bedded, banded, fine-grained limestones. This zone 
is dominantly shaly, weathers green-brown, and is the thinnest sub- 
division of the Meagher. The upper subdivision is composed of mixed 
beds of fine- and coarse-grained, thick- and thin-bedded limestone, which 
weathers gray and, in some sections, buff. This upper part of the forma- 
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tion is the subdivision that apparently differs greatly in thickness in 
some of the sections. The formation usually weathers buff and gray, and, 
outside of the Little Belt Mountains, forms cliffs above the Wolsey shale. 
The type section and locality of the Meagher formation is on the south 
side and top of South Hill in Belt Park (p. 1276). However, the best 
exposed, most completely developed, and most fossiliferous section of the 
Meagher is in Nixon Gulch. (PI. 1.) 


Fossils—The stratigraphic horizon of the species preceded by an 
asterisk in the following list is known to be correct; others are tentative, 
and subject to correction: 


Acrotreta attenuata Meek *Ehmania weedi Resser 
Acrotreta idahoensis Walcott *Ehmania walcotti Resser 
Acrotreta pyxidicula White *Ehmania gallatinensis (Meck) 
*Agnostus interstrictus White Hyolithes gregarius 
*Bathyuriscus haydent Meek (Meek and Hayden) 
*Bathyuriscus powersi Walcott *Kootenia serrata (Meek) 
Bolaspis errata Resser Micromitra sculptilis (Meek) 
Bolaspis haynesi (Walcott) Schuchertina cambria Walcott 


Bolaspis raymondi Resser 


PARK SHALE 


Original definition—“Park shale—The greater part of the Cambrian rocks seen 
in the mountain area probably belong to this formation. The lower strata are gray 
or greenish micaceous shales. Higher in the section these contain intercalated thin 
layers of limestones, which are impure and often consist of flat limestone pebbles— 
a true intraformational conglomerate. These beds are well exposed in the road cut- 
tings at the head of Sheep Creek, in the valleys of Dry Wolf, Pilgrim, and Tender- 
foot creeks, and near Barker. Their thickness is estimated at 800 feet.” ” 


Discussion.—The first sentence in the original definition is incorrect, 
because the Park averages approximately 200 feet instead of 800 feet 
in thickness, and, therefore, constitutes more nearly a fifth than “the 
greater part” of the Cambrian rocks in central Montana. The state- 
ments—“The lower strata are gray or greenish micaceous shales. Higher 
in the section these contain intercalated thin layers of limestones, which 
are impure and often consist of flat limestone pebbles; a true intraforma- 
tional conglomerate’”—are ambiguous because they imply that these lime- 
stones are not present in the lower part of the formation. However, in 
the Big Snowy Mountains, in Nixon Gulch, and on Crowfoot Ridge, lime- 
stone conglomerates occur in the lower part of the Park shale. The origi- 
nal definition also is not sufficiently complete to give an accurate and 
comprehensive description of the formation. The failure to specify a 
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type section for the Park shale in the original description is discussed on 
page 1283. 


Emended definition—The Park shale, tentatively considered the 
youngest Middle Cambrian formation in the area, lies between the 
Meagher and the Pilgrim limestones in central and southern Montana, 
and in Yellowstone National Park. The greatest thickness of the forma- 
tion (unfortunately, only an estimate) is 330 feet, on Keegan Butte in 
the Little Belt Mountains, and the least thickness is 120 feet, on Crow- 
foot Ridge in Yellowstone Park. Although the average thickness of the 
Park shale is approximately 200 feet, the formation is thinner than 170 
feet in five of the eight sections in which it is exposed. 

The most striking characteristic of the Park shale is the uniformly 
fissile, slightly micaceous shale of which the formation is composed. 
The shale is dominantly green-gray, extremely fissile, nearly unfossil- 
iferous, and slightly micaceous. Thinner zones of shales, usually in the 
lower-middle part of the formation, are chocolate-brown to dark-ma- 
roon. Thin-bedded, gray, crystalline, micaceous limestones, and occa- 
sionally thin-bedded, brown-weathering, micaceous sandstones are 
irregularly intercalated with the shales. In some of the sections, notably 
on Crowfoot Ridge, and on Dry Wolf Creek, crystalline limestone lenses, 
10 to 24 inches in diameter and 1 to 5 inches in thickness, are intercalated 
with the shales in the middle and upper parts of the formation. These 
lenses are usually rich in trilobite fragments and brachiopods. The color, 
fissility, and composition of the shale, the thin-bedded intercalated lime- 
stones, and particularly the presence of the fossiliferous limestone lenses, 
cause the Park shale to resemble closely the Wolsey. However, the 
stratigraphic position, and particularly the strikingly different faunas, 
readily distinguish the two formations. The type section of the Park 
shale is on the north side of Dry Wolf Creek, on the eastern side of the 
Little Belt Mountains (p. 1281). 


Fossils —Only fossil found was Linguella helena Walcott. 


PILGRIM LIMESTONE 


Original definition—“Pilgrim limestone —Above the Tenderfoot shale, (sic) whose 
ready weathering gives gentle slopes and generally open but deeply stream-trenched 
valleys, limestone beds form low cliffs or cap mesas on the broad summit levels of 
the range. These limestones are somewhat massively bedded. They are gray, carry 
fossil remains, and in this region do not show the mottled appearance common to 
rocks of this horizon in the southern part of the State. The basal beds are limestone 
conglomerates separated by thin layers of shale.” ® 


88 Op. cit., p. 286. 
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Discussion.—The original description of the Pilgrim limestone is vague 
and ambiguous. It is also erroneous in the implication that limestone con- 
glomerates are restricted to, or even characteristic of, the basal part of the 
formation. One source of this ambiguity is the statement, “The basal 
beds are limestone conglomerates separated by thin layers of shale.” In 
the original description of the Park shale (p. 1332) Weed stated: 


“Higher in the section these [shales] contain intercalated thin layers of limestones, 
which are impure and often consist of flat limestone pebbles—a true intraformational 
conglomerate.” 


Thus the upper part of the Park and the lower part of the Pilgrim 
formations were described as consisting of similar rocks, but no definite 
boundary was given separating the formations. Intraformational con- 
glomerates do occur sparingly in the Park shale, but the contact with the 
overlying Pilgrim is clearly marked in nearly all the sections by well- 
developed limestones and thick beds of conglomerates, in which relatively 
small amounts of green shale are intercalated as thin partings. The un- 
certainty regarding the type locality or section of the Pilgrim formation 
is discussed on page 1283. The Pilgrim was assigned to the Middle 
Cambrian by Walcott and Weed,*® but is now known to belong to the 
Upper Cambrian. 


Emended definition—The Pilgrim limestone is the basal formation of 
the Upper Cambrian series in Montana and Yellowstone National Park. 
The limestone rests upon the upper beds of the Park shale wherever these 
rocks are exposed in the area. The Pilgrim averages approximately 310 
feet in thickness, but varies greatly in different parts of the area. The 
formation is thickest (661 feet) in the Big Snowy Mountains, thins west- 
ward to Beaver Creek (175 feet) in the Big Belt Mountains, and south- 
westward to Crowfoot Ridge in Yellowstone Park, where the formation 
is thinnest (172 feet). 

The Pilgrim also varies greatly in composition in different parts of the 
area. The most striking characteristic of the formation is the many intra- 
formational conglomerates, which carry trilobite fragments in the upper 
and lower, and usually in the middle, parts. In the type locality the 
formation consists of thick- and thin-bedded light- and dark-gray, crystal- 
line to fine-grained, irregularly bedded limestones; variable amounts of 
tan and buff clay irregularly disseminated in the form of flakes and 
nodules; and thin, green-gray and buff shale partings. Interbedded with 
these limestones are 2- to 20-inch beds of hard, gray, crystalline, intra- 
formational conglomerates whose flat pebbles consist of gray, green, tan, 
and occasionally maroon, argillaceous to lithographic limestone. These 
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pebbles are half an inch to four inches, but generally less than two 
inches, in diameter, and are one-eighth to 114 inches in thickness. Some 
of the pebbles are oriented parallel with, and others at different angles 
to, the bedding surface. Fragments of trilobites, usually without ap- 
parent orientation, are embedded in the matrix. Dark-green grains 
and pale-green finely comminuted particles of glauconite are common 
in many of the conglomerates. The difference in composition and texture 
of the matrix and pebbles, the absence of uniform orientation, and the 
well-rounded shape of most of the flat pebbles, and the triturated re- 
mains of trilobite shields, all suggest that these conglomerates were formed 
in shallow water under conditions similar to those producing recent shin- 
gle beaches. If this suggestion is correct, the great horizontal distribu- 
tion of these conglomerates and their presence throughout the entire thick- 
ness of the Pilgrim seem to indicate small, but numerous and widespread, 
vertical oscillations of the sea floor in this part of the Cordilleran Geosyn- 
cline in Upper Cambrian time. 

The lower part of the Pilgrim formation in north-central Montana 
contains more shale than the upper and middle parts, and also more than 
in the western and southern parts of the State, and in Yellowstone Park. 
On the other hand, in the latter areas the lower-middle and upper parts of 
the Pilgrim consist of massive, thick-bedded, hard, finely crystalline, 
dark-gray limestone, which is odlitic and mottled drab-tan or buff. These 
are the beds Peale *° called the “Mottled limestones” in his Three Forks 
section (Fig. 9). These mottled limestones in the Pilgrim formation 
attain their maximum thickness in the Three Forks area (p. 1312-1313), 
but thin north- and eastward, and are not recognized in the Little Belt, 
Castle, and Big Snowy mountains. The Dry Wolf Creek section is the 
type of the emended Pilgrim limestone. 


Fossils—The stratigraphic horizon of the species preceded by an aster- 
isk in the following list is known to be correct; others are tentative, and 


subject to correction: 


Billingsella coloradoensis Shumard *Elvinia ef. roemerit (Shumard) 
Billingsella plicatella Walcott Eoorthis desmopleura (Meek) 
Tricrepicephalus elongatus (Walcott) Eoorthis remnicha (N. H. Winchell) 
*Tricrepicephalus tripunctatus (Whitfield) Eoorthis remnicha texana (Walcott) 
Dicellomus nanus (Meek and Hayden) Eoorthis wichitaensis (Walcott) 
Dicellomus pectenoides (Whitfield) Otusia sandbergit (N. H. Winchell) 


DRY CREEK SHALE 


Original definition—“Dry Creek shale—Between the beds of massive Pilgrim lime- 
stone and the dark chocolate-colored beds of the Jefferson formation there is a 


9 A. C. Peale: The Paleozoic section in the vicinity of Three Forks, Montana, U. S. Geol. Surv., 
Bull. 110 (1893) p. 23-24. 
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thickness of 40 to 50 feet of brick-red and bright-yellow sandy beds, whose fissile 
nature determined their designation as shales. The formation is a very constant one 
throughout central Montana, but owing to its ready weathering is seldom well 
exposed. Good sections were observed at the head of King Creek, near Yogo, in Big 
Park, on Belt Creek above Monarch, and on Pilgrim Creek, the average thickness 
being 40 feet.”™ 


Discussion—The first sentence of the original description of the Dry 
Creek shale presents the most inexplicable dilemma of Cambrian stratig- 
raphy in Montana. The statement gives exactly the actual conditions 
observable wherever these rocks are exposed, and is concise in placing 
the Cambrian-Devonian boundary at the top of the Dry Creek shale. 
Consequently, the Yogo limestone, or any other Cambrian rocks, could 
not be present in the Little Belt Mountains above the Dry Creek shale. 
That Weed did not find Cambrian rocks in these mountains above the 
Dry Creek is certainly implied by his statement. The writer has shown 
(p. 1285) that, because Cambrian beds can not be found in the field 
above the Dry Creek shale, the Yogo does not exist. The problem is 
made more obscure by the equally important discovery that the “Pebbly 
limestones” of the original Three Forks section *? also do not occur in 
the field. Whatever Weed’s reason was for defining the Dry Creek shale 
as lying “between the beds of the massive Pilgrim limestone and the 
dark chocolate-colored beds of the Jefferson formation,” he correctly 
described the actual stratigraphic sequence of these rocks in the Little 
Belt Mountains. If Weed’s statement had not been obscured by the 
definition of the fictitious Yogo limestone, much confusion among the 
fossils assigned to the Yogo by later workers would have been avoided, 
and a more correct picture of the Cambrian stratigraphy of central 
Montana would have resulted. 

Weed’s original description of the Dry Creek shale is essentially cor- 
rect but is not sufficiently comprehensive to give a complete and accurate 
picture of the formation. 


Emended definition—The Dry Creek shale rests upon the Pilgrim 
limestone and is the youngest Cambrian formation in any of the meas- 
ured sections. The diagnostic characteristic of the formation is the 
bright-maroon and yellow-buff, dolomitic sandy calcareous mudstones, 
interbedded with red and green shales and thin limestones. The Dry 
Creek averages 68 feet in thickness, exclusive of the Checkerboard 
Creek and Helena sections. In Checkerboard Creek, glacial drift covers 
the formation, preventing measurement or reliable estimate of its thick- 
ness, and in the Helena area the rocks tentatively assigned to the Dry 


* 'W. H. Weed: Geology of the Little Belt Mountains, Montana, U. 8S. Geol. Surv., 20th Ann. Rept., 
pt. 3 (1900) p. 286. 
9 A.C. Peale: op. cit., p. 24-25. 
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Creek may be of Devonian age (p. 1309). From its maximum thickness, 
99 feet, on Belt Creek, the formation thins eastward to 32 feet in the 
Big Snowy Mountains, and westward to extinction in the Beaver Creek 
area in the Big Belt Mountains. 

In the type section on Yogo Gulch the lower fourth of the Dry Creek 
is green and chocolate-maroon, argillaceous, calcareous, sericitic, fos- 
siliferous shale; interbedded with gray, crystalline, thin-bedded lime- 
stone, and several beds of intraformational conglomerate. The middle 
half of the formation is dark-maroon, dolomitic, nearly unbedded sandy 
mudstone; interbedded with buff, and green- and red-mottled dolomitic 
limestone. The upper fourth of the Dry Creek is bright-buff dolomite, 
and gray fine-grained limestone. The formation is astonishingly per- 
sistent over the area, and its conspicuous colors make it an excellent 
horizon marker for areal mapping, wherever it crops out. The sequence 
of beds and the relative amounts of red, green, and buff differ consid- 
erably in the various sections. Intraformational conglomerates and 
fossils are extremely rare in the formation except at three localities, 
Yogo Gulch, Nixon Gulch, and Crowfoot Ridge. The type section of 
the Dry Creek shale is on the north side of Yogo Gulch (p. 1284). 

Fossils—Most of the trilobites belong to several new genera. Others 
are: 

Billingsella coloradoensis Shumard _Eoorthis remnicha (N. H. Winchell) 
Huenella texana Walcott Irvingella sp. 
YOGO LIMESTONE 

Original definition—“Yogo limestone —This formation generally consists of thin- 
bedded limestone flags, alternating with crumbly gray or greenish shale, but grades 
into rather pure thick bedded limestones. The entire section is well shown at the 
head of Sheep Creek and south of Monarch. A measured section made 8 miles south 
of that place is given in the description of that district.” * 

Discussion—The problem of the Yogo limestone is fully discussed 
in connection with the Belt Creek (p. 1272), Dry Wolf Creek (p. 1282), 
and Yogo Gulch (p. 1285) sections. In summary, the original description 
of the Yogo limestone has no meaning because Cambrian rocks could not 
be found in any section in Montana or Yellowstone National Park between 
the Dry Creek shale and the overlying Devonian limestone or dolomites. 
Consequently, the name Yogo has no basis in observable fact and must 
be discarded. 

CORRELATION OF FORMATIONS 

The tentative correlation of the formations in the different emended 
sections is given graphically on Plate 2. The faunas collected from these 
formations have not been studied and described. However, a comparison 
of a number of specimens collected from the Wolsey, Meagher, and Park 


98 W. H. Weed: op. cit., p. 286. 
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formations in the different sections shows many similar, if not identical, 
species. Nevertheless, the correlations suggested here must be considered 
tentative until the fossils are carefully studied and the complete faunal 
evidence is understood and made available. 

The Flathead sandstone is correlated upon evidence other than fossils, 
because no fossils are known from this formation except on Crowfoot 
Ridge. The Flathead everywhere rests disconformably or unconformably 
upon pre-Cambrian rocks and is the basal formation of the Cambrian 
series in Montana and Yellowstone National Park. In addition, the uni- 
versal presence of tan and white quartz pebbles, limonite grains, cross- 
bedding and banding; the uniformity of composition of the sandstone; 
and the fact that everywhere in the area the formation becomes more 
argillaceous upward and passes gradually into the overlying Wolsey shale, 
are the criteria used for the correlation of the Flathead in the different 
sections. 

The Wolsey shale in the different sections is correlated upon evidence 
from fossils. In addition to fossils that occur abundantly in the lime- 
stone lenses intercalated with the shales, two persistent faunal zones occur 
in the middle and upper part of the shale. Bolaspis labrosa (Walcott) 
is the most characteristic and abundant trilobite in the limestone lenses, 
and occurs in every section in which the lenses are found. The two faunal 
zones in the shales (p. 1330) are usually separated approximately 25 feet, 
and are from 5 to 130 feet below the top of the Wolsey. From these two 
zones, similar species were collected in every section studied except that 
at Helena. The lower of these zones is characterized by several species 
of Kootenia, and a form of Zacanthoides similar to Z. cnopus Walcott.** 
The upper zone carries large numbers of a small, weakly furrowed Glyph- 
aspis, usually associated with species of Bolaspis similar to those in the 
limestone lenses. 

The Meagher limestone varies greatly in lithologic composition and 
thickness in the different sections, but carries numerous fossils concen- 
trated in two zones in the basal 20 to 50 feet. The lower zone lies at 
the base of the formation and varies in thickness from 10 to 20 feet or 
more. This zone is characterized by numerous cranidia and pygidia 
belonging to several species of Ehmania. Associated with Ehmania are 
numerous pygidia and few cranidia of Glyphaspis, and numerous indi- 
viduals of Acrotreta. The fauna of this zone is closely similar to that 
of the Pagoda formation in northwestern Montana.** The second faunal 
zone in the Meagher is from 5 to 40 feet above the Ehmania zone, and 


*%C. D. Walcott: The Albertella fauna in British Columbia and Montana, Smithson, Misc. Coll., 
vol. 67 (1924) p. 43, pl. 6, figs. 10, 10a. 

% Charles Deiss: Pal: ic formati of northwestern Montana, Mont. Bur. Mines Geol., Mem. 6 
(1933) p. 37. 
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is 2 inches to 15 feet in thickness. This zone is characterized by ex- 
tremely numerous Bathyuriscus belonging to a new species similar to 
B. haydeni (Meek).** Associated with Bathyuriscus are numerous indi- 
viduals of several new genera of trilobites, and many of several species 
of Micromitra and Acrotreta. The fauna of this zone in the Meagher 
of central Montana is strikingly different from that of any other zone 
in the Cambrian of Montana. A complete representation of this fauna 
also occurs in the basal part of the Pentagon formation % in the north- 
western part of the State, in the Lewis and Clark Range. The Ehmania 
and Bathyuriscus zones occupy the same relative stratigraphic positions 
in the Meagher of central Montana, and in the Pagoda and overlying 
Pentagon formations of northwestern Montana. Consequently, the 
Pagoda and Pentagon formations can be correlated with the basal part 
of the Meagher. The variable thickness of the limestone and the paucity 
of fossils in the upper part of the Meagher (above the Bathyuriscus zone) 
prevent accurate correlation of these beds at present. However, their 
position above this zone, and beneath the Park shale, seems to justify 
their tentative correlation in the different sections. 

The shale above the Meagher limestone is tentatively correlated in the 
different sections with the Park shale of the Little Belt Mountains, upon 
three criteria: (1) the stratigraphic position of the shale, beneath the 
Pilgrim and above the Meagher limestones; (2) the uniform composition 
and thickness of the shale; and (3) superficial comparison of the fossils. 
Unfortunately, the shale above the Meagher limestone in the Beaver 
Creek area yielded no recognizable fossils. In spite of the fact that the 
Park shale is apparently persistent and uniform in composition through- 
out central and southern Montana, neither the formation nor the fauna 
occurs in northwestern Montana. 

The Pilgrim limestone appears to be present in all parts of the area. 
The limestones above the Park shale in the different sections have been 
tentatively correlated upon the invariably present intraformational con- 
glomerates, the stratigraphic position of the formation upon the Park 
shale, and the presence of fossils. Several facts cast doubt on the cor- 
rectness of this correlation. First, the same species were not found in 
all the sections. Second, the mottled limestones in the southern and 
western sections are not present in the central and eastern ones (p. 1335). 
Third, and as yet not understood nor confirmed, several undescribed 
species of Ptychaspis occur in the Bridger Range ** (Three Forks quad- 
rangle), whereas the youngest known fauna within the Pilgrim limestone 


% F. B. Meek: Paleontological report, U. S. Geol. Surv. Terr. (Hayden) 6th Ann. Rept., pt. II 
(1873) p. 482-484. 

% Charles Deiss: op. cit., p. 38. 

% C, E. Resser: personal communication. 
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in the Little Belt Mountains is similar to that of the Camaraspis zone 
(Ironton member) of the standard Upper Cambrian section in Wis- 
consin.*® Ptychaspis was not collected from a measured section in 
Montana, nor do the collectors of the genus know its exact stratigraphic 
horizon. 

Because of these facts, two alternate hypotheses are suggested: (1) in 
Montana the species of Ptychaspis may be associated with the Conaspis 
fauna of the southern part of the State, but not in the Little Belt Moun- 
tains, or may be present but undiscovered in the latter area; (2) the 
rocks labeled Pilgrim in the Half Moon Pass, Nixon Gulch, and Crow- 
foot Ridge emended sections (Figs. 6, 9, and 10) may include the Dry 
Creek, and possibly younger beds (Ptychaspis), in addition to the Pilgrim 
limestone of the Little Belt Mountains. In any event, the correlation 
of the Pilgrim limestone here suggested must be considered tentative, 
and even doubtful, until additional field work and laboratory study of 
the contained fossils are accomplished. 

The Dry Creek shale is the thinnest, but most conspicuously colored, 
of the Cambrian formations in central and southern Montana. The 
emended definition of the Dry Creek (p. 1336) places all the maroon, 
buff, and green mudstones, shales, and dolomites in one formation. Fos- 
sils were found only in Yogo Gulch, Nixon Gulch, and on Crowfoot 
Ridge. Therefore, the Cambrian rocks above the Pilgrim limestone in 
all the other sections can not be correlated upon evidence from organ- 
isms. The red, bright-buff, and green beds in the various sections are 
correlated tentatively, because of their uniform thickness and color and 
their position just below the Devonian limestones. 


CONCLUSIONS 


The evidence presented in the foregoing pages now seems to justify 
the following conclusions: 

1. All but one of Weed’s original names of the Cambrian formations 
in the Little Belt Mountains ‘°° must be retained as the standard for cen- 
tral and southern Montana and Yellowstone Park. The reasons for this 
conclusion are: the names were taken correctly from geographic features, 
the formations are apparently natural lithologic units, and are persistent 
and readily recognizable everywhere in the area. From the base upward, 
these formations are: Flathead sandstone, Wolsey shale, Meagher lime- 
stone, Park shale, Pilgrim limestone, and Dry Creek shale. 

2. Peale’s original nomenclature for the Three Forks Cambrian sec- 


% W. H. Twenhofel, G. O. Raasch, and F. T. Thwaites: Cambrian strata of Wisconsin, Geol. Soc. 
Am., Bull., vol. 46 (1935) p. 1687-1774. 

100'W. H. Weed: Geology of the Little Belt Mountains, Montana, U. S. Geol. Surv., 20th Ann. 
Rept., pt. 3 (1900) p. 385-386. 
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tion 1°! must be discarded. The name Flathead formation is now re- 
stricted to the basal arenaceous formation of the series. The use of 
Weed’s names to denote formations, invalidates the name Gallatin for 
that rank. If future workers use the term Gallatin, they should do so to 
define a group and not a formation, and should apply the term only to 
Upper Cambrian sediments. Peale’s members of the Gallatin formation 
(Trilobite limestones, Obolella shales, Mottled limestones, Dry Creek 
shales, and Pebbly limestones), with the exception of the Dry Creek, 
were discarded in 1900. The lithologic units referred to by these names 
are all present in the Three Forks area except one, the Pebbly limestones 
(p. 1816), and are now correlated respectively with the Meagher, Park, 
Pilgrim, and Dry Creek formations (Fig. 9, and Pl. 2). 

3. Discrepancies between the original descriptions and the conditions 
observable in the field are so great that each section had to be emended. 
The emended and original sections are compared graphically in figures 
1to10. The errors and ambiguities in the original definitions of the type 
formations likewise necessitated their revision (pp. 1325-1337). 

4. Satisfactory faunal lists can not be given for each of the formations 
until the fossils, collected and zoned in the emended sections, have been 
studied and compared directly with the types of previously published 
species from the same, or adjacent, localities within the area. 

5. Beds containing either Cambrian fossils or lithologic characteristics 
similar to those of any known Cambrian rocks are not present between 
the Dry Creek shale and the basal Devonian dolomites in Montana. Con- 
sequently, Cambrian rocks to which the term Yogo could be applied are 
unknown, and the name Yogo limestone must be discarded. 

6. The boundary between the Middle and the Upper Cambrian sedi- 
ments in central and southern Montana and Yellowstone National Park 
is not definitely known. The division surface probably lies near, or at, 
the top of the Park shale. If this be true, the Flathead, Wolsey, Meagher, 
and Park formations are Middle Cambrian, and the Pilgrim and Dry 


Creek are Upper Cambrian. 
ERRATA 


After the manuscript was set in type, the beds referred to the Dry 
Creek shale in the Half Moon Pass section (Pl. 2; Fig. 6) were found 
to contain a Xenostegium fauna. Consequently, the correlation of the 
Upper Cambrian formations in the Half Moon Pass section is partly 
incorrect, because the red shales and limestones containing Xenostegium- 
like forms in the Big Snowy Mountains can not be correlated with the 


11 A. C. Peale: The Paleozoic section in the viciinty of Three Forks, Montana, U. S. Geol. Surv., 
Bull. 110 (1893) p. 20-25. 
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Dry Creek shale, which carries a Conaspis fauna in the Little Belt 
Mountains. 

During field work in June, 1936, with Christina Lochman, the genus 
Ptychaspis was found in the limestone within the lower part of the 
“Dry Creek shale” on Nixon Gulch. Here, Ptychaspis is approximately 
6 to 10 feet above the Billingsella (Conaspis) horizon. This discovery 
seems to indicate (1) that Ptychaspis is not associated with the Conaspis 
fauna characteristic of the lower Dry Creek shale of the Little Belt 
Mountains; (2) that Ptychaspis is present only in the southern part of 
the State; and (3) that the Pilgrim limestone is correlative only with 
the Eau Claire-to-Ironton members (Cedaria to Camaraspis zones, in 
general) of the Wisconsin section.’ 

The discovery of Ptychaspis in the “Dry Creek” formation of Nixon 
Gulch greatly strengthens the correctness of the correlation of the 
Pilgrim limestone in the described emended sections (Pl. 2), because 
Ptychaspis is now known definitely to be absent from the Pilgrim 
formation. 

The discovery also substantiates an unpublished conclusion that the 
writer has held for several years; namely, that the Upper Cambrian sedi- 
ments in Montana thicken, and progressively younger beds are present, 
southward and eastward from the north end of the Big Belt Mountains. 

Finally, the field work of 1936 with Dr. Lochman seems to indicate 
that progressively younger faunas are present eastward and south- 
ward from northwestern Montana, until, in the Big Snowy Mountains, 
Xenostegium-like forms are at the top of the Cambrian section. A 
break in deposition in the Upper Cambrian Half Moon Pass section 
could not be found, even though these sediments are there completely 
exposed. For this reason, the rocks containing the Xenostegium fauna 
are tentatively referred to the youngest Cambrian, instead of to the 
oldest Ordovician. 


Montana State University, Missouta, Mont. 
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102 W. H. Twenhofel, G. O. Raasch, F. T. Thwaites: Cambrian Strata of Wisconsin, Geol. Soc. Am., 
Bull., vol. 46 (1985) p. 1694-1699. 
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PETROFABRIC METHODS 

General Statement.—The general geologic relationships found in the 

crystalline rocks at Shawinigan Falls were set forth in an earlier paper.* 

This paper presents the results of petrofabric analyses of some of the 
typical rocks from that area. 


1F. F. Osborne: Petrology of the Shawinigan Falls District, Geol. Soc. Am., Bull., vol. 47 (1936) 
p. 197-227. 
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Most of the work on petrofabrics has been done by the Austrian 
workers, Sander and Schmidt,? and their results have been published 
in German, but five articles in English make it possible for the Eng- 
lish-speaking reader to gain some knowledge of the methods without 
recourse to the German literature.’ For that reason, the general state- 
ments will be made as-brief as possible except where the present writers 
have deviated from the methods evolved by the continental workers. 

Petrofabric analysis involves not only the measurement of attitude of 
joints, linear structures, flow planes, and bedding or foliation planes but 
also the statistical examination of oriented specimens. Thin sections are 
cut from oriented hand specimens so as to contain two of the fabric direc- 
tions as defined by Sander. Precautions must be taken to insure the 
accuracy of the orientation of the specimens, and the writers believe that 
the thin sections for which diagrams are here given are within 10 degrees 
of the designated orientation in every case. 

The attitude of the fabric axes with respect to the optic axes or the poles 
of cleavage gliding or fracture surfaces was determined by using a uni- 
versal stage. The writers used a Leitz (synchronous rotation of the nicol 
prisms) 8. M. microscope fitted with a Zeiss universal stage. The syn- 
chronous rotation of the nicols is of considerable assistance in speeding 
up the work of determining the position of the optic axes, and the Zeiss 
universal stage has a divided circle on axis IV (of Winchell) which is 
considerably more convenient than the Wright bows. Lines ruled on the 
object glass of the universal stage served as guides in traversing in place 
of the Schmidt guiding sledge. 

According to the convention adopted by Schmidt, the direction of the 
optic axes, or axis of the poles to cleavage parting or joint surfaces, are 
projected downward to cut the lower segment of the universal stage. 
The resulting point of intersection of the direction is platted on an equal- 
area projection net. The net used is the equivalent projection developed 
by Lambert in 1772. The net used for the diagrams accompanying this 
paper is shown to a reduced scale as Figure 1. It was platted by Osborne 
from the data given in Special Bulletin 67 of the United States Coast 
and Geodetic Survey and is based on the Clarke spheroid of 1866, but 


2 Bruno Sander: Gefiigekunde der Gesteine, Julius Springer, Wien (1930). 
Walter Schmidt: Tektonik und Verformumgslehre, Gebriider Borntraeger, Berlin (1932). 
8 E. B. Knopf: Petrotectonics, Am. Jour. Sci., 5th ser., vol. 25 (1933) p. 433-470. 
James Gilluly: Mineral orientation in some rocks of the Shuswap terrane as a clue to their meta- 
morphism, Am. Jour. Sci., 5th ser., vol. 28, no. 165 (1934) p. 182-201. 
Bruno Sander: Petrofabrics (Gefiigekunde der Gesteine) and orogenesis, Am. Jour. Sci., 5th ser., 
vol. 28 (1934) p. 37-50. 
H. W. Fairbairn: Introduction to petrofabric analysis, Mimeographed, Queen’s University (1935) 
p. 142. 
Earl Ingerson: Fabric analysis of a coarsely crystalline polymetamorphic tectonite, Am. Jour. 
Sci., 5th ser., vol. 31 (1936) p. 161-187. 
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the deviation (maximum 8’) from a sphere is less than the scale error 
in plotting. 

Examination of Figure 1 shows that the circles indicating equal polar 
distances are continued to 110° from the center of the diagram, in order 


Fiaure 1—Equal area net for plotting results of petrofabric analysis 
Note that the outer circle is 110 degrees from the center of the diagram. 


to obviate the use of the sliding Schmidegg rule in contouring points near 
the periphery of the diagrams. Directions emerging 70°-90° from the 
center of the diagram are plotted again 180° in azimuth from their first 
position, at the appropriate distance from the center of the diagram. 
A rule, pivoted to rotate about the center of the diagram, makes the 
transfer of two hundred points the work of only a few minutes. 

The method of contouring used differs slightly from that of Sander. 
A counting circle having an area equal to one (or more) per cent of that 
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of the hemisphere is laid down at equal intervals, and the number of 
points in each unit circle recorded. It was found that the contours are 
more accurate, if, instead of the number of points in the counting circle 
being recorded in the center, they are recorded at the center of gravity 
of the points in the unit circle. The maximum difference of position 
in the two procedures is, of course, equal to the radius of the counting 
circle. ; 

One difficulty arose in the contouring. The Lambert projection is far 
from conformal (the stereographic projection is conformal), and, although 
the counting circle covers an equivalent area in every part of the Lam- 
bert net, the area on the sphere does not have the same shape. The 
counting circle corresponds to a circular area on the sphere only where 
its center is at the center of the diagram. In all other positions the unit 
circle corresponds to an area of approximately elliptical outline (the 
bounding curves are quartics). The result is that, if the diagram is con- 
toured and rotated through 90 degrees, other than in azimuth, the posi- 
tions of the contours are considerably different from those obtained by 
rotating the individual points and then contouring. It was found that 
marking the number of the points at the center of gravity of their emer- 
gence in the counting sphere tended to reduce differences between the 
diagrams given by rotating the contours and contouring rotated points. 
An attempt was made to overcome the difficulty altogether by making a 
net, composed of figures of the same shape and area, spaced at uniform 
intervals, placing the diagrams to be contoured over it, and marking the 
number of points in each, but the confusion of lines resulting from many 
overlapping figures (approximate ellipses for circles on the sphere) made 
it difficult in use. 

The writers’ procedure differs in one other respect from that of Sander. 
Many of the quartzites are of poikiloblastic habit, and, due to the impos- 
sibility of ascertaining grain boundaries, the orientations of such grains 
are recorded only once. Such a procedure, although necessary in some 
rocks, may give misleading results, because the poikiloblastic habit may 
be the result of recrystallization of nuclei of a definite preferred orienta- 
tion formed in the rock as the result of deformation. Nearby grains 
of similar orientation would tend to coalesce to form a large individual. 
Because of the difficulty of determining what constitutes a fracture in- 
duced by deformation in such a mineral as quartz, the orientation of 
single grains was recorded only once, although the writers understand 
that Sander, as a rule, measures all grains even if separated from another 
only * by a fracture. In some places, it is possible to see minor cracks 


4H. W. Fairbairn: personal communication. 
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that have been developed during grinding of the thin section, partic- 
ularly where coarse abrasive was used in the final stages. In order that 
the results might be consistent in all varieties of rock, the same rule was 
applied to all. If all the apparent grains had been measured the only 
effect would be an increase in the concentrations at maxima. 


S- and B-tectonites—The petrofabric diagrams of deformed rocks may 
be divided into two groups, in most cases distinct, but in a few inter- 
grading. These are S- and B-tectonites; S-tectonites are characterized 
by the unconnected concentrations of poles or axes, whereas, B-tectonites 
show concentration in one or more girdles, which appear as great circles 
in the fabric diagrams. Maxima about certain points tend to occur in 
the girdles. 

According to Sander’s theory, the S-tectonites are formed where move- 
ment has been along one S plane; e.g., in a mylonite. If movement has 
been along two or more S planes intersecting in B, a B-tectonite with a 
single girdle results. 

Most diagrams lend support to the hypothesis that orientation of the 
grains is produced by a differential movement in, or between, the grains. 
It is conducted along closely spaced planes in the rock, which planes 
may, or may not, be parallel to the resulting foliation. The mode of 
differential movement postulated between rock layers can take place by 
sliding of a layer past an adjacent one, by rolling of the grains making 
up the different layers, by gliding within individual anhedra (crystals), 
or by a combination of any, or all, of these processes. Grains origi- 
nally oriented with their gliding planes parallel to the slip planes of the 
rock, and their direction of easiest gliding parallel to the direction of 
tectonic flow, may be expected to accommodate themselves to the de- 
formation by gliding within the crystal lattice of the grains (producing 
lattice orientation) ; others, not so favorably oriented, are likely to be 
rotated (or broken down and their fragments rotated) until the gliding 
plane in the crystal becomes parallel to a slip plane in the rocks and a 
direction of gliding in the crystal coincides with the direction of differen- 
tial rock movement. 

If the orientation of the grains resulted chiefly from gliding in one 
plane along crystallographic directions, the resulting fabric diagrams 
would show maxima around points, and the rock would be termed an 
S-tectonite. With only one crystallographic direction, there would be 
only one maximum. 

On the other hand, if the position of slip or shear planes has changed 
by rotation about B during the deformation, the maxima lie in a single 
girdle. 


yf 
e 
le 
y 
n 
r 
h 
e 
e 
it 
e 
y 
t 
e 
a 
n 
e 
y 
e 
: 
1 


1348 OSBORNE, LOWTHER—PETROTECTONICS AT SHAWINIGAN FALLS 


Sander explains some double (Okl) girdles as the result of a cross 
strain: the direction of B, and with it a, is changed during the move- 
ment. Similar maxima to those found in single girdles tend to occur in 
this case, although the degree to which they are developed in the single 
and double girdles may be different. 

Sander recognizes four characteristic positions in which quartz maxima 
are most likely to occur. These maxima are shown diagrammatically 
in Plate 4, C. Maximum I about a is the most sharply defined and shows 
that the quartz axes lie in the plane of the foliation and are lined up 
parallel to a, the direction of motion. Both Sander and Schmidt inter- 
pret this maximum as due to gliding in the direction of c crystallographic, 
along the prism face in the ab plane. 

The other three maxima are interpreted differently by Sander and by 
Schmidt. Schmidt believes that in every case the movement has taken 
place along the plane of the foliation and that the different maxima are 
produced by gliding along different crystallographic planes. According 
to him, maximum II is produced by gliding along the rhombohedral 
plane (2112) in the direction (2113) and maximum III by movement 
along (1011) in the direction (2110). Maximum IV, half-way between 
maximum I and maximum III, is supposed to represent a compromise 
in the two directions. 

Sander’s explanations are more general: like Schmidt, he believes 
that in some cases the various maxima are produced by translation along 
one set of slip planes in the rock, the individual grains gliding along 
different planes in the crystal lattice. In many cases, however, he inter- 
prets the different maxima as being due to gliding in one crystallographic 
direction, along intersecting sets of slip planes in the rock. In maxi- 
mum II the quartz axes are lined up in two slip planes, intersecting 
along the b fabric axis (hOl planes). Maximum III corresponds in 
the bc plane to Maximum II in the ac plane, the quartz axes lying, in 
this case, in (Okl) planes. Thus, according to Sander, Maximum I would 
be produced by a differential slip along a single set of slip planes, 
and would be expected in mylonites, slickensides, thrust planes, where 
considerable transport has taken place laterally. Maxima II would 
be expected where load has played an important part in the deforma- 
tion, and produced tectonic flow along two intersecting slip planes. 
Maxima III is expected where Okl shear planes have been produced 
by a sideward drag in the tectonic flow, or by excessive elongation in 
the b direction. 

It should be noted that in B-tectonites, although the fabric diagrams 
indicate that the transport of material is normal to B in the a direction, 
there may be an actual extension in the B direction, introducing a linear 
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element in the foliation parallel to B. In the Sander theory of flow 
cleavage, B coincides with the intermediate axis of the deformation ellip- 
soid, and the movement in the rock is normal to B, commonly along one, 
or both, of the circular sections of the ellipsoid. If rotation of the grains 
is taking place under compression, however, there may be an actual 
extension in the B direction. At any particular instant in the course 
of the deformation the greatest elongation takes place parallel to the 
long axis of the deformation ellipsoid. However, as the grains are rotat- 
ing in the plane of the long and the short axes, they are alternately 
lengthened and shortened in this plane, and the net result may be an 
elongation in the B direction, if the deformation is taking place under 
compression. Thus, with continued transport of material normal to B 
in the a direction, the rolling-out process may produce any conceivable 
amount of elongation parallel to B. 


FABRIC DIAGRAMS OF SHAWINIGAN FALLS ROCKS 
GENERAL STATEMENT 


The quartz diagrams indicate that all the rocks studied may be classed 
as B-tectonites. The B axis is invariably a minimum, and the quartz 
axes lie in one or two, partial or complete girdles about B. The diagrams 
of the rocks of the area, irrespective as to whether they are of quartzites, 
granites, granulites, or pegmatites, may be divided into three groups: 

(1) Those in which the quartz axes fall in a single ac girdle normal 
to B (Pl. 2, E and F). 

(2) Those in which the quartz axes tend to fall in two girdles inter- 
secting at a and symmetrically placed with respect to the megascopic 
S plane (plane of the foliation) (Pl. 1, E and F; Pl. 2, A; Pl. 3, A). 

(3) The third group is somewhat more complex than the other two. 
Most of the quartz axes lie in an incomplete girdle (lune) with a strong 
maximum in the plane of foliation (ab plane). The girdle is about 25 
degrees from being normal to megascopic B, so that the maximum in 
the plane of the foliation is about 25 degrees from a. In addition, a 
smaller percentage of axes tends to fall along two great circles, inter- 
secting at a, which may be correlated with the two-girdle structure of 
Group 2 (Pl. 2, C; Pl. 3, C, D, and F; Pl. 4, A). 


SINGLE-GIRDLE DIAGRAMS 


True single-girdle diagrams were obtained only from specimens from 
the northeastern part of the area. Diagrams E and F of Plate 2 show 
the orientation of the quartz axes in specimens 141 (granulite) and 142 
(granite gneiss), collected south of Grandmére. No megascopic B is 
visible in these rocks, but the well-developed ac girdle leaves no doubt 
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as to the direction of the tectonic axis. In both diagrams, maxima are 
symmetrically placed with respect to c, the normal to the schistosity. 
In diagram F, one set of maxima is developed to a considerably greater 
extent than the other, but it is possible that, if the orientations of the 
grains were measured in several thin sections, so as to give the average 
orientation in more of the rock, the two maxima would be more equally 
developed. It will be noticed that the actual maxima do not occur at 
the periphery of the projection, but, especially in specimen 142, tend to 
occur about 20° from the circumference. This is commonly interpreted 
as indicating rhombohedral, rather than prismatic, gliding in the quartz 
grains. The position of the maxima, symmetrically placed with respect 
to c, the normal to the schistosity, suggests that slipping in the rock has 
taken place along intersecting sets of shear planes, which could have 
been produced by overlying load. The resulting foliation, normal to 
the applied force, would be produced by flattening of the individual 
grains, in a manner similar to that of a piece of ductile material placed 
under compression in a testing machine. According to the Schmidt 
explanation, however, it is also possible to interpret these diagrams as 
indicating slip along the plane of the foliation, with the quartz gliding 
along different rhombohedral faces, in definite crystallographic directions. 


DOUBLE-GIRDLE DIAGRAMS 


In the specimens examined the two-girdle type of diagram is more 
common than is the single-girdle. Fabrics of this type are shown in 
Plate 2, A, and Plate 3, A. The writers believed that the fabrics shown 
in Plate 1, E and F, are also of this type, although the two girdles are 
not so well developed. In these rocks the quartz grains are oriented 
in such a way that their axes tend to lie in two planes,’ intersecting 
along the a fabric axis (Okl planes). In the fabrics examined the 
dihedral angle about c between these planes is from 58° to 100°, but in 
any particular diagram the planes are symmetrical with respect to the 
plane of the foliation. 

The maxima are not as sharp nor as regular as those found in many 
tectonites.* In the more regular diagrams of the Shawinigan Falls rocks, 


5In diagrams of specimens 145 and 125, two girdles intersect in the ab plane at 90° from the direc- 
tion of elongation of rods of quartz. This direction is B, and, therefore, the girdles intersect on a, 
but with this assumption other nearby rocks showing a distinct megascopic B are in agreement. 

6 Some rocks having intersecting girdles in quartz do not appear to have the grains forming the 
two girdles uniformly distributed. In places, bands, in most cases relatively thin, give axes belonging 
predominantly to one girdle, and the axes in the adjacent band belong to the other. Where one 
girdle is much better developed than the other, it is possible that more bands belonging to that 
girdle are found in the thin section, and another thin section, taken nearby, would show the other 
band equally well or better developed than the one given by such a thin section. The writer’s 
observations would suggest that determinations of fabrics from ab sections in such rocks are not to 
be relied upon, for all the grains may belong to one girdle. 
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the maxima tend to occur in three positions. One is near the intersection 
of the two girdles, commonly about 20° from the point of emergence of 
the a fabric axis. It may represent maximum I of Sander. Two other 
maxima occur about 90° from maximum I, one on each girdle, and cor- 
respond to Sander’s maximum III. The diagrams show considerable 
variation from the ideal double girdles, however. One girdle is generally 
more completely developed than the other; the several maxima are not 
equally developed; and one, or more, of them may be lacking. 

Two-girdle structures indicate a certain amount of rotation about a, 
in addition to the rotation about the b axis. Fabrics have been studied 
in which the ac girdle has been completely replaced by a be girdle.” 
To be consistent, it is necessary to explain be girdles on the same basis 
as ac girdles; that is, they must arise from internal and external rota- 
tion about a. In general, however, rotation about b remains predom- 
inant, so that the ac girdle is not completely destroyed, and the rotation 
about a is only indicated by a spreading of the axes on both sides of c 
in the be zone (Pl. 1, F). This latter probably indicates internal rotation 
only, about a. 

The origin of crossed strains necessary to give such fabrics is not well 
understood. Because they are commonly found in rocks showing a 
marked elongation in the B direction, it has been suggested that as B 
increases, in the manner previously discussed, it eventually becomes 
greater than the major axis of the strain ellipsoid. The position of the 
ellipsoid changes so that its long axis becomes parallel to B. This even- 
tually results in the formation of a second girdle through be, at right 
angles to the original ac girdle, and the resulting rock is termed a B’B’ 
tectonite. However, the first result from the change in position of the 
ellipsoid is a tendency for the splitting of the ac girdle into two cross- 
girdles, intersecting at a.® 


COMPLEX DIAGRAMS OF THE THIRD GROUP 

The diagrams (PI. 3, C, D, and F; Pl. 2, C; and possibly, Pl. 1, A 
and B) show traces of double girdles intersecting in a, but these are very 
incomplete and are defined by only a small percentage of the axes. 
Some of these diagrams, however, show rather distinct concentrations 
on the great circles about 90° from a, thus, relating them to those of the 
second class. Most of the axes of quartz, however, fall in an incomplete 
girdle (lune), which is not normal to the megascopic B nor to the B 
defined by the two girdles intersecting in a. In all the lunes, a strong 
maximum or two closely spaced maxima are found 15° to 35° from a. 


7 Bruno Sander: op. cit., p. 239. 
8H. W. Fairbairn: op. cit., p. 83; also, personal communication. 
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Two of the rocks contain sufficient biotite to construct mica diagrams, 
and in both the poles of the (001) cleavage form an almost complete 
girdle normal to the megascopic B. All the mica present in two other 
specimens was also measured, and the positions of the axes are shown 
as dots on the quartz diagrams. On all of them the mica shows an 
almost complete ac girdle. 

All the rocks yielding these diagrams in the Shawinigan area, except 
120 and 121 (Pl. 1, A and B), are granulites in which the elongation 
in the b direction is pronounced. The quartzite from St. Jean de Matha 
shows a similar diagram and also evidence for considerable elongation 
in B direction and well-developed ac cracks. 

Owing to the present uncertainty of the mechanism whereby lattice 
orientation is induced in quartz, alternative interpretations of these dia- 
grams are possible. The criticism has been made that the quartz fabric 
in these rocks consists essentially of a simple ac girdle, which does not 
coincide with the mica girdle, which is normal to the megascopic B 
axis. This would be interpreted as the result of motion in a direction 
inclined to the motion producing the megascopic B, the mica orienta- 
tion and the ac cracks. Quartz is more sensitive to strain than is mica, 
and is more readily oriented. Thus, the motion producing the inclined 
quartz girdle must have occurred during the last stages of the deforma- 
tion that produced the mica orientation, or during a later minor defor- 
mation, in which the stresses were sufficient to re-orient the quartz, 
but not strong enough to alter the main textural features of the rock, 
including the megascopic elongation and the biotite fabric. 

The writers do not accept this interpretation and were influenced 
in the choice of an alternative hypothesis by the relationships of the ac 
cracks. These are invariably well developed and are normal to the B 
axis indicated by the mica diagrams and the megascopic B defined by 
the elongation of the minerals and the axis of minor folding. Although 
the writers realize the danger of too great reliance on the data provided 
by such cracks, because of the possibility that cracks may form in 
several ways,® it seems impossible in this case to neglect the testimony 
of the ac cracks. The ac cracks (Q joints) are almost invariably well 
developed in rocks that have undergone linear stretching. The cracks 
normal to the stretching follow faithfully the plane normal to the linear 
stretching, so that even minor departures of the stretching from parallel- 
ism in granites are reflected by the ac cracks. In most of the commer- 
cial granites of the pre-Cambrian of Quebec, the linear stretching is 
approximately horizontal, and the grain lies in a plane containing it. 


*F. F. Osborne: Rift, grain, and hardway in some pre-Cambrian granites, Quebec, Econ. Geol., 
vol. 30 (1935) p. 540-551. 
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Quarrymen, recognizing this, call the ac cracks (Q joints) “hardway 
slicks” or “hardway hairline seams,” for, the rift being horizontal, the 
ac plane is parallel to the hardway. The same persistence and constancy 
in direction is observed in the metamorphic rocks; the linear stretch 
(B) is almost invariably normal to the most persistent set of cracks. 

Interpretation of the ac cracks depends upon the time in the move- 
ment when the cracks were developed. In the granites, the Q joints 
may contain the late diaschistic dikes, which are themselves cut by 
similar joints. Theoretically, too, the ac cracks can only be of late 
development in metamorphic rocks; if plastic deformation is responsible 
for the lattice orientation of quartz, it seems improbable that ac cracks, 
the result of an early deformation, could survive the recrystallization 
accompanying a later movement sufficiently great to produce a new 
lattice orientation in quartz, even though quartz is sensitive to a change 
in the direction of motion. 

The writers belive that ac cracks are formed during the declining stages 
of a deformation, after the rock minerals have lost their power of 
recrystallization. If this be true, and the quartz fabrics of the Shaw- 
inigan Falls rocks are interpreted as simple B girdles inclined to the 
biotite girdles, it is necessary to assume that the megascopic B, the B 
defined by mica, rotated about 30 degrees during the formation of a 
lattice orientation of quartz in a single girdle, and that the final direction 
recorded by the ac cracks was the same as the original megascopic 
direction. 

The writers think that another direction of a and B in the intermediate 
stages of the deformation, although possible, unnecessarily complicates 
the relationships. All the rocks yielding these fabrics in the Shawinigan 
area, except 120 and 121, are granulites in which the elongation in the b 
direction is very pronounced. The quartzite from St. Jean de Matha 
shows a similar diagram and also evidence for considerable elongation 
in the B direction and well-developed ac cracks. The writers prefer 
to consider these quartz diagrams as typical of quartzose rocks showing 
a marked stretching, and not necessarily indicating any changes in direc- 
tion of the motion during the deformation. 


ORIGIN OF FOLIATION 
SCHISTOSITY 


The origin of schistosity (including slaty cleavage) is perhaps the 
most important problem that faces workers in metamorphic rocks. The 
deductions that have been so brilliantly applied to the rocks in the low 
and intermediate grades of regional metamorphism, by geologists of the 
Lake Superior region, do not appear, in general, to be applicable to the 
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highly crystalline rocks of the Laurentian area. In the Laurentian of 
Canada, schistosity is almost invariably parallel to banding? or to 
other original structures, such as contacts in the rocks. An exception 
must be made in the case of crystalline limestones and local shear zones, 
which are commonly inclined to the flow structures in igneous rock or 
to the bedding in meta-sedimentary rocks. Although some such shear 
zones reach a thickness of 100 feet, they are, nevertheless, local and 
quite distinct from the foliation induced on a regional scale. 

The low angle of the dip of foliation in many parts of the Laurentian 
in Quebec, parallel as it is to bedding in the Grenville series, raises 
important questions on which the petrofabric work throws some light. 
In most localities, the plane of foliation is defined by a subparallel 
arrangement of the longer axes of inequidimensional minerals, such as 
biotite or hornblende, and, more rarely, rods or discs of feldspar or 
quartz. The gneissic banding, probably an original structure of the 
rock, is parallel to the schistosity and serves to emphasize it; in addi- 
tion, the injection of igneous material into foliates is commonly of the 
lit-par-lit habit and serves to emphasize further the foliation. 

The petrofabric work shows that biotite is an important contributor 
to the apparent foliation. More rarely, quartz and feldspar define some 
of it. 

Examination of several rocks in the same zone of folding shows the 
similarities of diagrams for the quartz of quartzites, granites, and schists. 
In part, this may be explained by the sensitiveness of quartz to def- 
ormation, for its orientation can be changed relatively easily. Thus, 
it may be the imprint of stresses operative only in the later stages of 
a deformation. 

Horizontal and gently dipping foliated rocks are common in the 
Grenville series in the province of Quebec. In addition to the occur- 
rences in the area here described, they have been noted by Ells," in 
his report accompanying the Three Rivers map sheet, and by Adams,?? 
in certain extensive areas north and east of Montreal. In all these 
regions the foliation is invariably parallel, in other than crystalline 
limestone, to the bedding in the original sedimentary rocks. In places 
where the rocks are tightly folded, the same members of the series are 
no more coarsely crystalline than in adjacent regions where they are 
almost horizontal. In sills, the foliation is parallel to the walls of the 
sills and, thus, parallel to the foliation in the meta-sedimentary rocks. 


10H. W. Fairbairn: Notes on the mechanics of rock foliation, Jour. Geol., vol. 43 (1935) p. 591-608. 

mR. W. Elis: Geology of the Three Rivers map sheet, Geol. Surv. Canada, Ann. Rept., vol. 11, 
pt. J (1898). 

2 F, D. Adams: The geology of a portion of the Laurentian area lying to the north of the island 
of Montreal, Geol. Surv. Canada, Ann. Rept., vol. 8 (1896) p. 11J, 17J. 
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These features, observed in the Grenville in the Shawinigan area, are 
similar to those recorded by Daly ** in the Shuswap terrane in British 
Columbia. He ascribes the foliation in the Shuswap rocks to load, or 
static metamorphism, and explains the schistosity by an application of 
Riecke’s principle, whereby such minerals as biotite recrystallize with 
their plates normal to the dominant force, which, in this case, is due 
to the overlying load. Thus, according to Daly, the only difference 
between dynamic and load metamorphism is that one is produced by 
tangential stress, the other by radial stress. In either case, the schis- 
tosity is due to recrystallization of inequidimensional minerals, so that 
their greater dimensions lie in the plane of the long and intermediate 
axis of the strain ellipsoid. 

Gilluly has recently shown, by means of fabric analysis, that the 
orientation of the minerals in the Shuswap terrane is apparently not 
due to recrystallization in the manner Daly proposed, but is due to 
rearrangement and movement of, and in mineral grains along sets of, 
slip planes in the rocks. The same holds true in the Shawinigan area, 
where fabric diagrams indicate that shearing planes in the rocks have 
exerted considerable influence on the orientation of the grains. The 
fabrics of all the specimens examined (with the possible exceptions of 
specimens 141 and 142, from the northern part of the area) show that 
the foliation is directly connected with the regional stresses that have 
produced the folding, for all the diagrams show a definite arrangement 
of the quartz axes and biotite poles about the tectonic axes of the 
folds. Many of the quartz diagrams show a partial girdle with a strong 
maximum ir the plane of the foliation, indicating a strong possibility 
that the movement has taken place in the plane of the foliation. If 
Schmidt’s interpretations be accepted, the other diagrams also indicate 
motion along the foliation plane. Inasmuch as the foliation is parallel 
to the bedding in the meta-sedimentary rocks, and to the sides of the 
sills in the case of granitic sills, this means that, in many places at least, 
the movement has taken place parallel to fluxion planes in igneous rocks. 
This is to be expected, for such planes would, in general, offer much 
less resistance to movement than any other set of planes in the rocks. 
Where thin dikes cut the bedding of the sedimentary rocks, it is con- 
ceivable that differential movement, taking place along the bedding or 
foliation planes in the meta-sedimentary rocks during folding, would 
not be interrupted by narrow dikes, but would continue through them, 
and thus would produce in them a foliation parallel to that in the 
enclosing rocks, destroying any original flow structure that may have 


13R. A. Daly: op. cit., p. 89. 
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been present. This is apparently what has happened, because the folia- 
tion cuts diagonally across such dikes and is parallel to that in the 
enclosing rocks, but it is usually not so well developed as in the sills, 
where the movement has been parallel to original flow structure. 


BANDING 


The banding (distinct from the schistosity) in the meta-sedimentary 
rocks and the amphibolites is apparently a direct result of the original 
inhomogeneity of the rocks. The high temperatures and pressures 
prevailing during regional metamorphism have caused the minerals to 
recrystallize. In this process the rocks have become quite coarse grained, 
and there has been a tendency for a certain amount of segregation of 
like constituents, probably brought about by diffusion. The distance 
through which diffusion can act is restricted, however, so that the 
resulting banding is primarily dependent on initial differences in com- 
position from layer to layer, and so is parallel to the original bedding. 

The foliation in the phacolithic mass of granulite south of Shawinigan 
Falls shows evidence that it is partly due to flowage during intrusion 
and partly due to later movement along parallel shear planes controlled 
by the earlier flow structure. As previously mentioned, the linear struc- 
ture in the plane of the foliation is conspicuous. Feldspar augen occur 
in the form of elongated ellipsoids with their longer axes in the plane of 
foliation. The long axes are uniform in direction, lying nearly horizontal 
and striking about N 20° E. The short and intermediate axes show 
more variation in direction, for the granulite has been thrown into a 
series of open folds, with the fold axes horizontal and striking parallel 
to the long direction of the feldspar augen. The actual schistosity is 
largely due to mica flakes, which tend to wind about the feldspar augen, 
and, to a lesser extent, to plates of quartz, which also show a tendency 
to be bent about the feldspar augen. 

The average ratio of the axes in the feldspar augen is about 3:1: 4. 
However, there is considerable variation in the amount of granulation 
that has taken place, so that, in some places, they are drawn out until 
the rock resembles a lit-par-lit injection gneiss; in other places, much 
of the original feldspar phenocrysts remains as a core, about which there 
is only a thin layer of granulated feldspar. In such places, it is possible 
to obtain a fairly accurate conception of the original shape of the 
crystals and their orientation in the rock. The original crystals appear 
to have been lath-shaped, with the ratio of the sides about 2:1: 3. 
This is what would be expected in a solidifying magma. Large Carlsbad 
twins, remaining ungranulated, indicate that the (010) face of the original 
phenocrysts tended to lie near the plane of the present foliation and 
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with c crystallographic near B fabric. These facts seem to indicate that 
the orientation of the phenocrysts was due to magmatic flow during 
intrusion, in the manner postulated by Cloos. Probably, the lath-shaped 
feldspars aligned themselves parallel to the direction of flow, probably 
parallel to the walls of the intrusion. 

Sometime after intrusion, the granulite was openly folded in a direction 
at right angles to the elongation of the phenocrysts. It was this defor- 
mation that produced the granulation of the feldspar. The earlier flow 
planes appear to have offered planes of weakness, along which adjust- 
ments to folding could most easily take place. This is shown by the 
biotite diagrams, which show a strong maximum at c and an ac girdle. 
This may indicate sliding in the plane of the foliation along the (001) 
cleavage of biotite, with some rotation about B, and, hence, transport 
in the plane of the foliation in a direction inclined to the earlier direction. 
The quartz diagrams are more complex, owing to the remnants of two- 
girdle structure, but the strong maximum in the foliation plane indicates, 
in the opinion of the writers, that at least the final movement took 
place along this plane. 


SYNTHESIS OF RESULTS OF PETROFABRIC WORK 
GENERAL STRUCTURE 


A synclinorium of Upper Grenville rocks, with the axis striking N. 40° 
W., crosses the western side of the area. Within this synclinorium, the 
rocks have been compressed into a number of tightly folded anticlines 
and synclines, most of whose axes strike parallel to that of the syn- 
clinorium. Away from the synclinorium, the most striking feature in 
the structure of the area is the horizontality, or approximate hori- 
zontality, of the foliation, which everywhere is parallel, or practically 
parallel, to the original bedding planes. The strike and dip of the 
amphibolites are fairly regular near the contact with the Upper Grenville, 
where they plunge beneath the synclinorium, with an average dip of 
30°. North and east of the contact, however, the foliation is more 
nearly horizontal and is characterized by numerous small dome and 
basin structures, in which no tectonic direction is visible, and on which 
the dips seldom exceed 25°. In the field, an impression is gained that 
these structures are caused by slumpage due to differential flowage of 
the underlying material and are not related to regional stresses. 

The foliation in the granite phacolith south of Shawinigan Falls also 
dips at low angles, but, here, the rocks have a marked horizontal elonga- 
tion, striking about N. 20° E. Feldspar augen have been deformed into 
ellipsoids, in which the ratio of the axes average about 3:1:4. The 
short axis is normal to the foliation; the intermediate axis is parallel 
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to the dip; and the long axis parallels the strike (about N. 20° E.). 
Part of the elongation is apparently due to flow in the magmatic stage 
and part due to subsequent deformation. 

The horizontal foliation is not a local phenomenon confined to the 
area mapped, but occurs over a much greater region, as was emphasized 
by Ells, in an early report on the Three Rivers map sheet, which includes 
the area about Shawinigan. This relationship suggests load metamor- 
phism of the type nostulated by Daly for the Shuswap terrane in British 
Columbia.** In order to determine if the metamorphism in this area 
was of the load static type, the writers recorded many observations on 
the attitudes of joints, and any linear structures visible in the rocks, 
to see if it were possible to trace continuous tectonic directions through 
the area. Where no such structures were visible in the field, oriented 
specimens were collected, and fabric analyses were made of them. In 
this connection, it was necessary to make analyses of a number of rocks 
in which the megascopic directions were clearly visible, so as to be 
certain of the relations existing between the microscopic and the mega- 
scopic fabric. Most of the fabric diagrams definitely indicate the direc- 
tion of the tectonic axis, and, in a few doubtful ones, the evidence for 
the position of the fabric axes is discussed in the general descriptions 
of the diagrams. 

All the fabric diagrams show evidence of motion along slip planes in 
the rock, indicating that the metamorphism has not been of the static 
type, although, in some places, load may have played an important 
part in the deformation. The tectonic axes, or axes of folding, as deter- 
mined from the fabric analyses, are shown in Figure 2. It will be 
observed that there are two main directions of folding, one trending 
about N. 40° W., the other N. 20° E. The northwesterly strike of the 
folds is pronounced in the quartzites, so that fabric analyses in these 
rocks were confined to the region near the intersection of the two direc- 
tions of folding. The amphibolites do not contain sufficient quartz for 
quartz-fabric analysis, but amphibolites and quartzites are traversed 
by joints in the same directions. The joints in the quartzites are defi- 
nitely related to the northwesterly trending folds, indicating that the 
stresses producing the folds in the quartzites have also acted on the 
amphibolites of the northern part of the area. It may safely be con- 
cluded that the tectonic axes in the northern and western parts of the 
area are in a northwesterly direction. The character and relationship 
of the joints will be discussed in a later section. 


r 


4R. A. Daly: A geological issance bet Golden and Kamloops, B. C., along the Cana- 
dian Pacific Railway, Geol. Surv. Canada, Mem. 68 (1915) p. 40-53. 
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The folds striking in a northeasterly direction, roughly parallel to the 
St. Maurice River, are best developed in the eastern section of the 
mapped area. This folding is later than the northwest-trending folds, 
for rocks near the intersection of the two systems of folding, but which 
definitely owe their present attitude to the northwest-striking folding, 
bear the imprint of the second deformation. The best example of this 
is furnished by specimen 136, a granite gneiss, striking N. 47° W. and 
dipping 30° W. The foliation here is regular, and the northwesterly 
strike continues to the upper limit of the map, indicating that the present 
attitude of the beds is due to northwest folding. Although this rock 
does not show any megascopically visible effects of the northeast folding, 
other than ac cracks, the quartz fabric is similar to that of rocks that 
have megascopic textures in agreement with the northeast folding. In 
view of the ease with which quartz takes the imprint of a new direction 
of motion, the northeast folding is regarded, therefore, as younger than 
the northwest. Specimen 145, less than half a mile away, and almost 
in the same position with respect to the northeast folding, shows a 
northwest-trending tectonic axis, so that it is beyond the limit of the 
northeast folding in this locality, at least insofar as the quartz is affected. 

It is interesting to note that, although the St. Maurice River turns 
northwest, leaving the zone of northeast folding at about the eastern end 
of the area shown on Figure 2, a series of lakes and streams, occupying 
northeast-trending valleys, occurs on its projection to the east. The 
western extension of the northeast zones passes beneath the sand deposits 
to the west of Shawinigan Falls. 


JOINTS 


There is one main system of joints, composed of two practically ver- 
tical sets, throughout the northwest part of the area. One set strikes 
N. 45° W., the other N. 45° E. The regularity of these joints is shown 
in Plate 4, E and F, in which the poles of the joint planes have been 
plotted on the equal-area net and have been contoured in the same 
manner as the fabric diagrams. The joints in the lower, or amphibolitic, 
portion of the Grenville, and for the upper, or quartzitic, portion, are 
shown on separate plots. The diagrams indicate that the same joint sets 
are present in both. In the quartzites, these joints are clearly related 
to the folding. Those striking N. 45° W., nearly parallel the tectonic 
axis, or axis of folding, in the Upper Grenville synclinorium. The other 
set, striking N. 45° E., are almost at right angles to the tectonic strike, 
and various writers have termed them cross joints, tension joints, or 
dip joints. The strike joints are inclined as much as 50 degrees to the 
be plane of the deformation; the dip joints parallel the ac plane. The 
folding in the amphibolites is irregular, making it impossible to trace 
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any tectonic directions in the field. The lack of quartz makes it difficult 
to obtain evidence as to the direction of the tectonic axes by means of 
fabric analysis. However, as the same joint system occurs in this part 
of the area as in the quartzites, and as it is directly related to the 
quartzitic folding, it is reasonable to assume that the forces active in the 
amphibolitic portion of the area were the same as those active in the 
quartzitic portion. The more irregular and open folds may be due to 
the difference in character of the two formations. 

The attitudes of the joints in the granulite phacolith south of Shaw- 
inigan Falls are shown in Plate 4, D. They are more irregular than in 
the quartzites and amphibolites, but, here again, two sets are well devel- 
oped, one parallel to, and the other approximately at right angles to, the 
tectonic axis of the more recent deformation, which has affected this 
part of the area. The strike set strikes N. 22° E.; the dip set, N. 60° W. 

In addition, there are two minor sets, in which the relation to the 
regional deformations is not so evident. Both are vertical, one set 
striking N. 50° E., the other, N. 15° W. They may be diagonal joints 
related to the latest deformation. The set striking N. 50° E., however, 
so closely parallels the earlier tension joints formed in the quartzites and 
amphibolites, that it may be due to a reopening of these joints, sometime 
after the intrusion of the granulite. The phacolith of granulite is not a 
thick intrusion, so that a slight movement along previously developed 
joints in the underlying and surrounding rocks would presumably give 
rise to similar joints in the granulite. 

In the joint diagrams of the granulites and Upper Grenville rocks, the 
poles of the joints show small maxima in a north and south direction, 
indicating a certain number of E-W joints. Small maxima such as these 
may merely be accidental, owing to the relatively small number of points 
actually plotted. However, Osborne believes that they may be E-W- 
striking tension joints, which are widespread throughout the Lauren- 
tian, and in other areas are commonly occupied by diabase. 

The main feature of the joints throughout the area is the well-devel- 
oped strike and dip sets, which, in the Upper and the Lower Grenville, 
are respectively parallel, and normal, to the tectonic axis of the earlier 
deformation, and, in the granulites, to the tectonic axis of the later 
deformation. The joints continue in these directions irrespective of the 
strike of the foliation, which, in many places, especially in the amphi- 
bolites, differs markedly from the strike of the tectonic axis of folding. 
Although other minor joint sets are present in places, a glance at the 
graphical representations of the joints is sufficient to show how subordi- 
nate in numbers these joints are, in comparison to the main dip and strike 


joint sets. 
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It is interesting to note that the general tectonic relationships within 
the Shawinigan Falls area might have been established without the deter- 
mination of the microscopic fabrics. The foliation, stretching, and joints 
give a relatively complete picture. The fabric analyses enabled conclu- 
sions to be established more certainly and added some information. The 
fabric analyses did help to establish conclusively that the deformation 
parallel to the course of the St. Maurice near Shawinigan Falls is younger 
than the northwest folding. But even this conclusion might be anti- 
cipated, for the regional structure trends northwest in large areas in the 
Laurentian complex, and it is only reasonable that the local structure is 
the younger. 

EUROPEAN WORK ON GRANULITE FABRICS 

Considerable work on granulite fabrics has been done by Seng in 
Saxony and by Sahlstein in Finland. Unfortunately, Seng,’® in most 
cases, does not give the orientations of his diagrams, so that it is diffi- 
cult and, in most cases, impossible to compare them with those of the 
writers. The quartz in specimen 145 (PI. 1, F) is oriented in a fairly 
distinct girdle structure. Yet in the ac plane (Pl. 1, D) this structure 
is not so apparent, and, in a random orientation with no fabric axes 
shown, it would probably be impossible to interpret the diagram. Most 
of his diagrams, however, appear to be of the B-tectonite type. 

Sahlstein ** has been able to show, by means of fabric analysis, that, 
in the granulite mountains of Lapland, the direction of transport of mate- 
rial has been parallel, rather than radial, to the wide regional arc of the 
granulites. His diagrams are similar to those obtained by the writers. 
In general, the quartz fabrics show a two-girdle structure with, in the 
ideal case, a strong maximum at a and two lesser maxima 90° from a, 
one on each girdle. The ideal case is unusual, and, in general, the fabrics 
are definitely triclinic, with the main maximum not coinciding with the 
a fabric axis. Sahlstein believes that the quartz in these rocks has been 
deformed by a strong paracrystalline deformation and that the biotite, 
forming later, has had nothing to do with the movements and merely 
represents a “post-deformational copy foliation.” He concludes that it is 
necessary to study the quartz fabrics in this area in order to get a true 
picture of the movements, and that, in most cases, they show that the 
main movement has not been at right angles to the megascopic elongation. 

In the Shawinigan Falls area, quartzites and sillimanite gneisses give 
a two-girdle diagram similar to that obtained from the granulites, gran- 


15H. Seng: Die Gefiigeeigenschaften von Granuliten, Min. Petr. Mitt., Bd. 41, Hft. 3/6 (1931) 
p. 353-472. 

16 Th. G. Sahlstein: Struktur und Bewegungen in der Granulitformation des Finnischen Lapp 
Finland, Géol. Comm., vol. 6 (1933) p. 83-90; Ein Wort zur Microtektonik b ders im Arch 
Grundgebirge, Finland, Géol. Comm., vol. 7, Bull. no. 103 (1933) p. 5-11. 
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ites, and pegmatites, so that in this area the diagrams, in themselves, 
give no indication as to whether the movements were para- or post- 
crystalline. 

As already stated, the writers believe that, even if the mica is later 
than the deformation, it orients itself with respect to the main textural 
features of the rock. As these are a result of the deformation, it repro- 
duces by mimicry the s-planes produced by the deformation. If the 
biotite and megascopic fabrics yield the same tectonic directions, these 
directions must be those of the major deformation. Quartz itself is a 
very sensitive mineral, and B-girdles have been observed in almost mas- 
sive granites, which cannot have undergone much deformation. Thus, 
if the quartz is not oriented with respect to the biotite and megascopic 
directions (when visible), the rock must bear the imprint of a later, 
and lesser deformation, which has not been sufficiently intense to re- 
arrange the main textural features of the rock. 


EXPERIMENTALLY DEFORMED GRANITE 


An important problem rising from the petrofabric work is the explana- 
tion of the individual maxima of quartz. In general, two interpreta- 
tions are possible: one, that the rock has failed along closely spaced slip 
planes, whose positions have changed during the deformation; the other, 
that the quartz has yielded by gliding in definite directions along crystal- 
lographic planes, where such planes are favorably oriented with respect 
to the directions of the deformation. 

Although quartz is known to glide along both positive and negative 
thombohedra (1011 and 0111), and possibly along the prism, m,1* little 
experimental data on the manner of failure of quartz are available. Be- 
tween 20 and 30 years ago, F. D. Adams carried out an extensive series 
of experiments on the deformation of granite and other rocks, with a view 
to elucidating the origin of certain textures found in the crystalline rocks 
of the Canadian pre-Cambrian. Although he did not deform any pure 
quartz rocks, he did experiment with some granites—for example, the 
medium-grained rose granite from Westerly. The results have partic- 
ular significance because of the developments in petrofabrics. 

A composite test piece was made by placing a disc of granite, .35” 
thick, between two moving pistons in a tightiy fitting cylinder, in which 
the thickness of the walls was reduced near the center to allow lateral 
bulging. Pressure was applied to the pistons at a temperature of 450° C., 
until the granite was reduced to a double-concave lens, about .1” thick 
at the center. On removal from the testing machine, the granite showed 
Luder’s lines around the margin, indicating some measure of plastic def- 


17R. B. Sosman: The properties of silica, Am, Chem. Soc., Mon. ser. (1927) p. 487. 
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ormation in the rock as a whole, and was traversed by inclined shear 
planes, symmetrically disposed about the direction of the axes of the 
plungers. A thin section was cut in the direction of the applied pressure 
through the center of the specimen. Because of the friability of the de- 
formed rock, the thin section is thick and not very suitable for examina- 
tion with the universal stage, because the small grains overlap one an- 
other when the stage is tilted. A number of specimens, deformed to 
different degrees, yielded results comparable to specimen 1795, which is 
of the rock deformed in Adams’ series number 462. 

Plate 4, B shows the results of measurement of the position of frac- 
ture planes formed in the quartz. The stars indicate the position of 
the optic axes of individual grains; dots connected to them are poles 
normal to fractures developed in the same grains. The angle between 
the optic axis and the fracture poles in each crystal is recorded, and, 
where a grain has yielded by more than one fracture, the angle be- 
tween the zones of the different poles is indicated. 

Bearing in mind that the thin section was not favorable for deter- 
mination of the directions of the optic axes, one finds the results sug- 
gestive. The angles between the poles of the fractures and the optic 
axes, reduced to the acute angles in each case, are: 24°, 42°, 45°, 
45°, 51°, 29°, 63°, 64°, 64°, 65°, 65°, 65°, 66°, 73°, 74°, 79°, 80°. 
Inasmuch as the angles between the zone of the fracture poles where 
two occur in one anhedron of quartz are approximately multiples of 
30 degrees, these fractures appear to be in the zones of both rhombo- 
hedra of quartz. The angles between the optic axis and the poles of 
the faces in a first-order rhombohedral zone are as follows: 


These observations suggest that the quartz has yielded on faces of 
several rhombohedra, of which (5053) is the most important. It is 
noteworthy, in connection with this experiment, that the deformation 
was carried on at 450° C., because it was found that hard rock, such 
as granite, did not yield satisfactorily at lower temperatures. An 
examination of all the specimens deformed in the course of Adams’ 
experiments should yield considerable data of interest in the study of 
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petrofabrics, and it is hoped to present the results of such an investi- 
gation at a later date. 

Twinning on (1122) is found in some of the sections from Shawini- 
gan Falls. Such a twinning brings the optic axes at an angle of 
84° 33’ to one another and the faces of the rhombohedra r and z 
within 10 degrees of parallelism after twinning. Possibly, the in- 
cidence of this twinning may be the cause of concentrations at ap- 
proximately 90 degrees from one another in the fabric diagrams. The 
actual twins were observed in only a few places, but it is possible that 
the quartz was pulled apart along the twinning plane, owing to move- 
ment continued after the formation of the twins, and traces of the 
twinning were lost. 
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GENERAL NOTE ON DIAGRAMS 

Megascopic fabric axes are marked a, B, c; the microscopically deter- 
mined fabric axes, a’, B’, c’ (Pl. 1, A and B; Pl. 2, E and F). In 
Plate 2, E and F, the foliation (a b) plane is visible, but no mega- 
scopic B, but it probably coincides with the B’ of quartz. In all speci- 
mens, c coincides with c’. In Plate 3, A and B, there is no foliation 
plane, but B is marked, and a and ¢ are taken as parallel to a and c 
in nearby specimens giving the same quartz fabric. 

NE below the diagram indicates that the fabric is principally the 
result of the deformation whose tectonic axis trends northeast. For 
the diagrams marked NW, the tectonic axis is that trending northwest. 
The direction of B, marked on the diagrams, is considered to be that 
from the center of the diagram toward the lower hemisphere of the 
projection. If pitch is not marked, the tectonic axis is horizontal. 

The relationship of the diagrams may be determined from Figure 2, 
in which all diagrams are rotated into the horizontal position and 
projected in the lower hemisphere. 
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EXPLANATION OF PLATES 


(A) 


(B) 


(C) 


(D 


(E) 
(F) 


1 
QUARTZITE AND SILLIMANITE GNEISS 


Quartzite. Contour lines 9-614-3-1%. 
B pitches 10° S. and trends S. 30° E. (at center). 
The ab plane dips 43° E. (left). 


Same locality as A, but section in foliation. 
Contour lines 814-5-314-2-1%. 


Quartzite. Contour lines 5-3-2-1%. 
B horizontal N. 35° W., ab plane dips 23° S. (left). 


Sillimanite gneiss. Contour lines 314-2%4-2-1%4-1%. 
B horizontal N. 40° W., ab plane dips 30° SW. (left). 


Diagram C generalized and rotated 90° about c to show “two-girdle” fabric. 


Diagram D generalized and rotated 90° about c to show “two-girdle” fabric. 
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2 
GRANITE GNEISS, BIOTITE, AND QUARTZ 


Granite gneiss. Contour line 34%4-2-114-1%. 
Megascopic B due to older deformation, tectonic axis northwest at center. 


Quartz B’ N. 35° E., 27° SW. (right). 
Biotite of specimen for which quartz diagram is A. Contours 19-1C-7-2-1%. 


Quartz in granulite. Contours 4%4-3-21%4-2-1%. 
BS. 17° W., pitch 17° S. (center) East on right. 


Biotite in C. Contours 8%4-6-3-2-1-%%. 


Thin granulite injection in amphibolite. 
Contours 5-4-3-2-1%. BN. 16° W. (center), East (right). 


Granite gneiss. Contours 5-3-2-114-1%. 
BS. 17° W., pitch 17° S. (center), West (right). 
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Piate 3 
GRANITE, GRANULITE, AND BIOTITE 
Rodded granite (pegmatite). Contours 4-3-214-2-1%4-1-%%. No mafic min- 
erals or foliation plane. 
BN. 16° E. (center), a B plane taken from nearby specimen dips 60° E. (left). 


Another section of same rock as A. Contours 3-2-1-%%. BN. 16° E. (cen- 
ter), southeast (right). 


Granulite. Contours 7-344-2-1%. 
BN. 20° E. (center), West (right). 


Granulite. Contours 10-7-4%4-1%. 
B 8. 18° W., pitch 4° S. (center), West (right). 


Biotite of F. Contours 9-6-3-1%. 


Granulite. Contours 10-5-3-1-%%. 
Hand specimen—not geographically oriented. 
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4 
QUARTZITE AND QUARTZ 

(A) Quartzite from flat-lying Grenville near St. Jean de Matha. Specimen, col- 
lected by F. D. Adams, included to show similarity to diagrams from Shawini- 
gan district, although there is considerable difference in the tightness of fold- 
ing in the two areas. Contour lines 64-3-2-1%. 

(B) Stars indicate the position of optic axes of quartz in Westerly granite deformed 
by Adams. Dots joined to stars by lines are poles of fractures formed from 
the deformation. Where more than one direction of fracturing is found in 
one grain the angles between the zones of the fractures are marked. 


(C) Generalized diagram of quartz in B tectonite. After Sander. 
(D) Poles of joints in granulite phacolith. 


(E) Poles of joints in upper Grenville. 


(F) Poles of joints in lower Grenville (amphibolites). 
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THE TALLADEGA SERIES 
DISTRIBUTION 


The Talladega series has been traced by the writer from Alabama, 
where it is typically exposed, across northwest Georgia, into North Caro- 
lina and Tennessee. The series occupies a belt, trending northeast, 300 
miles in length and 1 to 25 miles in width. The belt is separated in 
most places from the fossiliferous rocks of the Appalachian Valley and 
Ridge province, which it borders, by a low-angle thrust fault, the Carters- 
ville fault. To the southeast of the belt lie pre-Cambrian crystalline 
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schists, which in Alabama and Georgia are faulted (Whitestone fault) 
against the Talladega rocks. Thus, a large part of the belt is a fault 
block bounded by low-angle faults, which, in general, strike northeast 
and dip southeast (Fig. 1). 


ALABAMA 


The Talladega series was named by E. A. Smith! for exposures in the 
Talladega Hills, Alabama (locality 1, Fig. 1). The series? consists 
typically of slate and sericite phyllite that is almost mica schist, with 
beds of conglomerate, quartzite, limestone, marble, chert, and graphite 
phyllite. The upper part of the series, according to Butts, includes the 
Devonian Jemison chert (locality 11, Fig. 1) and the Carboniferous 
Erin shale (locality 4, Fig. 1), the ages of which have been determined 
on the basis of their fossils. The recognized sequence of formations in 
Talladega County is given in Figure 2, but this does not include the total 
thickness of the series, which is estimated by Butts to be as much as 
30,000 feet. In view of the diverse lithology, the general designation 
“series” is preferred to that of Talladega slate used by Butts, or Talla- 
dega phyllite favored by the Alabama Geological Survey. In the north- 
eastern part of the belt, toward the Georgia boundary, no distinctive 
formations were recognized. 

The Talladega belt in Alabama is 8 to 22 miles wide. It is bordered 
on the southeast by Wedowee graphite phyllite and Ashland mica schist, 
from which it is separated by a fault (the Whitestone fault of Georgia), 
as evidenced by the truncation of these formations. The fault is marked 
in most places by a basic sill-like intrusion, the Hillabee chlorite schist, 
called post-Carboniferous (?) by Adams,’ but regarded by the writer as 
pre-Cambrian, because in Georgia, similar schist is found to be grada- 
tional into hornblende-epidote gneiss, which is an integral part of the 
recognized pre-Cambrian complex.* The northwest border of the belt is 
the sinuous trace of the Cartersville fault, expressed topographically by 
a low, but persistent, escarpment. The bordering rocks beyond the fault 
are folded and faulted Paleozoic formations, including quartzite, slate, 
dolomite, and limestone, which range in age from Lower Cambrian to 
Mississippian. 


1E. A. Smith: A general account of the character, distribution, and structure of the crystalline 
rocks of Alabama, and the mode of occurrence of the gold ores, Ala. Geol. Surv., Bull. 5 (1896) 
p. 108-130. 

2 Charles Butts: Geology of Alab the Pali ic rocks, Ala. Geol. Surv., Sp. Repts. 14 (1926) 
p. 49-61. 

*G. I. Adams: Geology of Alabama—the crystalline rocks, Ala. Geol. Surv., Sp. Rept. 14 (1926) 
p. 38-39. 

* Problems such as this, which have no immediate bearing on the age of the Talladega series, 
cannot be elaborated here. They receive full consideration in the writer’s report on the “‘Crystalline 
rocks of Georgia,’ which will be published at some future date by the Georgia Geological Survey. 
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Recognizing the age and stratigraphic relations of the Talladega series 
to be obscure, Butts * believes the series “represents a time beginning 
possibly in the Algonkian period and extending as now known late into 
the Paleozoic era.” 

GEORGIA 

The Talladega belt in Georgia is divided geographically into two parts; 

one extending west and southwest from Allatoona, Bartow County 
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Ficure 1—Ouitline map of southern Appalachian region 


Showing distribution of Talladega series, Ocoee series, and Lower Cambrian arenaceous rocks 
below Shady limestone (in part drawn from geological map of Alabama and quadrangle maps of 
Bayley, Hayes, Keith, LaForge, and Phalen). Igneous rocks, mainly in the area indicated as 
Carolina series, are not shown. 


(locality 10, Fig. 1), the other north and northeast from that village. 
The two areas, although continuous, one with the other, present certain 
differences in lithology and structure. At Allatoona the belt is less than 
a mile in width, but to the west it broadens to 18 miles at the Alabama 
boundary and to the north reaches a maximum width of 19 miles between 
Ellijay and Chatsworth (localities 7 and 6, Fig. 1). 


5 Charles Butts: op. cit., p. 60. 
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The series west of Allatoona closely resembles the typical exposures 
in Alabama. Fine-grained schist and sericite phyllite, in part graphitic,® 
make up its greatest part. The monotonous similarity of these phyllites 
is relieved in places by beds of arkose, conglomerate, quartzite, and 
marble. The beds everywhere dip south at 25° to 55°, but this apparent 
monoclinal sequence probably includes isoclinal folds and faults. The 
base of the series is unknown. In metamorphic character, all the rocks 
are of a low rank. 

North of Allatoona, low-rank metamorphic rocks are restricted to the 
western margin of the Talladega belt—that is, in a zone bordering the 
Cartersville fault. Elsewhere, more highly metamorphosed rocks pre- 
dominate, including garnet-biotite gneiss, staurolite gneiss, kyanite-mica 
schist, garnet-graphite schist, hornblende gneiss, and marble. Their 
general character is more nearly similar to the typical Ashland mica 
schist than to the Talladega phyllite, but actual tracing shows them to 
be continuous with the latter series. The formations recognized (Fig. 2) 
have been traced southward from North Carolina, where they are typ- 
ically exposed, and have not heretofore received a series designation. 

The Talladega belt is bordered on the east by gneisses of the pre- 
Cambrian Carolina series,’ from the North Carolina line south to Ball 
Ground, Cherokee County. According to LaForge and Phalen,® the 
“metamorphic Cambrian rocks” (Talladega series of this paper) rest in 
places unconformably on the older gneisses. Southwest of Ball Ground 
the series is bordered by Ashland mica schist and Wedowee graphite 
schist, regarded by the writer as a schist facies of the Carolina series. 
The boundary between these schists and the Talladega series is the 
Whitestone fault, which cuts obliquely across many of the formations. 
The northwestern margin of the belt is the Cartersville fault,? which 
truncates the Paleozoic formations (Lower Cambrian to Carboniferous) 
of the Appalachian Valley and Ridge province. The fault is marked 
by an escarpment as far north as Fort Mountain (locality 6, Fig. 1), where 
it turns northeastward into the highlands and loses its topographic 
expression. 


6 Possibly ‘“‘volatile organic matter’ and not true graphite [C. W. Hayes and W. C. Phalen: 
Graphite deposits near Cartersville, Ga., U. S. Geol. Surv., Bull. 340 (1908) p. 464; W. S. Bayley: 
Geology of the Tate quadrangle, Ga. Geol. Surv., Bull. 43 (1928) p. 46]. 

7 The Carolina gneiss was defined by Keith [Description of the Cranberry quadrangle, U. S. Geol. 
Surv., Geol. Atlas, Cranberry Folio no. 90 (1903) 9 pages] to include ‘‘an immense series of inter- 
bedded mica schists, mica gneiss, and fine grained granitoid layers, exposed over a wide area in 
North and South Carolina.’’ Because it contains rocks, such as marble, quartzite, phyllite, and 
scaly schist, for which the term “gneiss” is entirely inappropriate, a series designation is here 
adopted. 

8 Laurence LaForge and W. C. Phalen: Description of the Ellijay quadrangle, U. S. Geol. Surv., 
Geol. Atlas, folio 187 (1913) 18 pages. 

®©C. W. Hayes: The overthrust faults of the southern Appalachians, Geol. Soc. Am., Bull., 
vol. 2 (1891) p. 141-154. 
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The rocks now included in the Talladega series in Georgia have gen- 
erally been called Lower Cambrian in age, following determinations made 
in North Carolina and Tennessee. This view is seemingly supported by 
the fact that the basal beds of the series near Cartersville (locality 8, 
Fig. 1) consist of arkose and conglomerate, supposedly derived from 
underlying granite augen gneiss (Corbin granite) generally regarded as 
pre-Cambrian in age.’° 

NORTH CAROLINA AND TENNESSEE 


The Talladega series, not previously recognized by this name in North 
Carolina and Tennessee, was mapped by J. M. Safford™ as “meta- 
morphic” and was regarded as older than the Ocoee series and Chilhowee 
series, which occupy fault blocks to the northwest of the Talladega belt. 
The “metamorphic” rocks, sometimes called “semi-crystalline,” ‘* have 
been divided by Keith ** into a number of formations, some of which 
belong typically in the Ocoee and the Chilhowee series, thus breaking 
down the distinctions which had been made by Safford. The Carters- 
ville fault, which separates the rocks of the Talladega and those of the 
Ocoee series, was not mapped by Keith, because the two series were 
thought to represent an unbroken sequence. The status of the Talladega 
series has thus become confused with the Ocoee problem, with which it 
has slight connection. The Cartersville fault, also called the Blue Ridge 
overthrust, was first recognized in Tennessee and North Carolina by 
Jonas '* who adheres to Safford’s view that the metamorphic rocks are 
distinct from, and older than, the Ocoee series. . 

The “metamorphic Cambrian” formations of North Carolina and Ten- 
nessee described by Keith, which are here included in the Talladega 
series, are given in Figure 2. Dark mica schist, conglomerate, quartzite, 
and fine-grained biotite gneiss, frequently called graywacke, prevail in 
the lower part of the section. Mica schist, phyllite, and marble pre- 
dominate in the upper part. It should be noted that the type sections 
of the Hiwassee slate (Hiwassee Gorge, Polk County, Tennessee) and 
the Snowbird formation (Snowbird Mountain, Cocke County, Tennessee), 
as designated by Keith, are in the Ocoee belt and that the use of these 


10 Laurence LaForge: Manganese deposits of Georgia—general geology, Ga. Geol. Surv., Bull. 35 
(1919) p. 40. 

11 J, M. Safford: Geology of Tennessee, Nashville (1869). 

2F, P. King: A preliminary report on the corundum deposits of Georgia, Ga. Geol. Surv., Bull. 2 
(1894) 138 pages. 

143 Arthur Keith: Description of the Asheville quadrangle, U. S. Geol. Surv., Geol. Atlas, folio 116 
(1904) 10 pages; Description of the Nantahala quadrangle, U. S. Geol. Surv., Geol. Atlas, folio 143 
(1907) 11 pages. 

144A. I. Jonas: Structure of metamorphic belt of southern Appalachians, Am. Jour. Sci., 5th ser., 
vol. 24 (1932) p. 228-243. 
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names for formations in the Talladega series implies a correlation, which, 
in the opinion of the writer, has not been justified. 

The formations here included in the Talladega series, it has been 
claimed, are a metamorphosed equivalent of the Ocoee and the Chilhowee 
series, in which Cambrian fossils have been found by Walcott. The basal 
formations of the “metamorphic Cambrian” series (Talladega) rest 
unconformably, according to Keith,!® on pre-Cambrian gneiss, a fact 
that supports the claim of a Cambrian age for the series. 


THE PROBLEM 


The correlation of formations in adjoining fault blocks has long been 
a vexing problem in the Appalachian region of folded and fault d rocks. 
Direct correlation by the tracing of distinctive beds is frequently impos- 
sible, and it is necessary to rely on the evidence of fossils, lithology, 
and stratigraphic sequence. Rapid change of lithologic facies across 
the geosynclinal area, commonly carrying with it a change of faunal 
facies, is made the more deceptive by the removal of gradational beds 
by faulting. Near the eastern margin of the geosyncline, toward the 
source of sediments, the stratigraphic sequence is in places greatly dis- 
torted and misleading. In this direction the degree of metamorphism 
generally increases to obscure the structure and add further confusion. 
For these reasons, the age of many of the so-called semi-crystalline rocks, 
which border the southeastern margin of the Appalachian Valley and 
Ridge province, have frequently been the subject of debate."* More 
specifically, the question has been: Are these rocks to be correlated with 
the Paleozoic formations to the northwest, or are they more closely allied 
to the pre-Cambrian crystalline schists to the southeast? 

The general opinion has been that the series is a metamorphosed 
equivalent of Lower Cambrian arenaceous rocks or of more recent Paleo- 
zoic formations, which occupy fault blocks northwest of the Talladega 
belt. On some early maps the Talladega series is shown as Algonkian, 
and on the recent geological map of the United States the series is indi- 
cated as “albite-chlorite schist and garnetiferous phyllonite”’ of pre- 


1 Arthur Keith: op. cit. 
16 Robert Balk: Structure and correlation of metamorphic rocks in southeastern New York, Nat. 
Acad. Sci., Pr., vol. 18 (1932) p. 616-630. 

A. I. Jonas: Structure of metamorphic belt of southern Appalachians, Am. Jour. Sci., 5th ser., 
vol. 24 (1932) p. 228-243. 

E. B. Knopf: Some results of recent work in the southern Taconic area, Am. Jour. Sci., 5th ser., 
vol. 14 (1927) p. 429-458; The recognition of overthrust faults in metamorphic terranes, Am. Jour. 
Sci., 5th ser., vol. 30 (1935) p. 198-209. 

E. B. Knopf and A. I. Jonas: The geology of the crystalline rocks, Md. Geol. Surv., Baltimore 
County (1929) p. 97-199; Geology of the McCalls Ferry-Quarryville district, Pennsylvania, U. S. 
Geol. Surv., Bull. 799 (1929) 156 pages. 

J. H. Mackin: The problem of the Martic overthrust and the age of the Glenarm series in 
southeastern Pennsylvania, Jour. Geol., vol. 43 (1935) p. 356-380. 
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Cambrian age.” Thus, the status of the Talladega series involves prob- 
lems, of both age and origin, which are of more than local interest. The 
writer maintains that the evidence definitely favors a pre-Cambrian age 
for the series. Insofar as the evidence has not previously been critically 
reviewed, the plan of this paper will be to present arguments on both 
sides of the question. If those who favor a Paleozoic age for the series 
feel that their descriptions have not been fully appreciated, or if they 
possess unpublished information that has a direct bearing on the problem, 
an answer to the interpretations here set forth would be appropriate. 


‘LOWER CAMBRIAN ARENACEOUS ROCKS 


In 1856, Safford proposed the name Ocoee group, which he described 
in 1869 as “coarse gray conglomerates, talcose,!® chlorite and clay slates 
repeatedly interstratified, all having a semi-metamorphic aspect. The 
slates predominate and of these, the greenish and light bluish gray, or 
the chloritic and talcose varieties are most abundant. . . . The strata of 
the Ocoee gorge, as given above [extending from Park’s Mill to within 
a few miles of Ducktown (locality 2, Fig. 1)] may be taken as types 
of the whole formation.” ?® The use of the term Ocoee made no demand 
for exact formational correlation; thus, it was, and still remains, of 
particular value in reconnaissance mapping. 

The Ocoee series occupies a fault block extending from Chatsworth, 
Georgia (locality 6, Fig. 1) northeastward, roughly parallel to the Ten- 
nessee-North Carolina boundary, to the French Broad River, Cocke 
County, Tennessee. The first subdivision of the group into seven forma- 
tions was made nearly 60 miles northeast of the type section,”® and, of 
these, four have been recognized in the gorge of the Ocoee River.?! 

It is not the purpose of this discussion to review all the opinions that 
have been expressed as to the age of the Ocoee series. Suffice it to 
say that the series has been regarded as “Eozoic” by Safford, pre-Cam- 
brian by Hayes, and Silurian by Bradley.?? Keith ** has demonstrated, 
with reasonable certainty, that the series is roughly equivalent to the 


17 A. I. Jonas: op. cit. 

18 The rocks described by Safford as ‘‘taleose’” contain no talc; the term should evidently be 
replaced by “‘sericitic.’’ 

1° J. M. Safford: Geology of Tennessee, Nashville (1869) p. 184, 186. 

2% Arthur Keith: Description of the Knozville sheet, U. S. Geol. Surv., Geol. Atlas, Knoxville 
folio no. 16 (1895) 6 pages. 

2C. W. Hayes: Description of the Cleveland sheet, U. S. Geol. Surv., Geol. Atlas, Cleveland 
folio no. 20 (1895) 4 pages. 

2F. H. Bradley: On the Silurian age of the southern Appalachians, Am. Jour. Sci., 3rd_ser., 
vol. 9 (1875) p. 279-288, 370-383. 

23 Arthur Keith: Description of the Asheville quadrangle, U. S. Geol. Surv., Geol. Atlas, folio 116 
(1904). 
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rocks of Chilhowee Mountain (locality 3, Fig. 1) in which Walcott found 
Cambrian fossils. 

No rocks strictly comparable to the Ocoee series are found in Alabama 
or in Georgia south of Chatsworth. The Weisner quartzite is the only 
formation recognized below the Shady limestone.** 


PRE-CAMBRIAN ROCKS 


The recognized pre-Cambrian rocks of North Carolina include two main 
units, the Carolina gneiss and the Roan gneiss, which are intruded by 
igneous rocks, mainly biotite granite gneiss.2* The Carolina gneiss, or, 
better, Carolina series, is made up largely of biotite gneiss and mica 
schist, with beds of kyanite schist, quartzite, graphite schist, and, rarely, 
marble. The Ashland,” the Wedowee,?*? and the Canton formations 
of Alabama and Georgia are here regarded as part of the Carolina series. 
These schist formations are indicated on the geological map of the United 
States as phyllonite—that is, phyllitic rocks which have been reduced 
from coarser-grained gneiss by mylonitization. Bayley has given a very 
adequate description of the microscopy of the Canton schist and asso- 
ciated rocks, in which he notes no strong cataclasis. The writer has 
examined many thin sections of schist from the Wedowee-Ashland belt 
(known in Georgia as the Dahlonega gold belt) and finds no evidence 
of widespread mylonitization. The schists appear to lie above the mas- 
sive gneisses of the Carolina series and are probably a stratigraphic, 
and not a metamorphic, facies of the series. There is no positive evidence 
to support Eckel’s suggestion *® that the schist near Dahlonega, which 
the writer *° has shown to be continuous with the Ashland mica schist 
of Alabama, may be Cambrian or Lower Silurian, or Adams’ belief that 
the Wedowee schist included beds of Paleozoic age. On the other hand, 
there is no absolute and uncontrovertible proof that the Carolina series 
in Georgia and Alabama is pre-Cambrian. The term “gneiss,” as pre- 
viously applied to the Carolina series, suggests that the rocks are more 
metamorphosed than the “schists, phyllites and slates” of the Talladega 
series, and, therefore, merely by juggling rock names the unjustified 


24 Charles Butts: Geology of Alab the Pal ic rocks, Ala. Geol. Surv., Sp. Rept. 14 (1926). 
Laurence LaForge: Manganese deposits of Georgia—general geology, Ga. Geol. Surv., Bull. 35 
(1919). 


% Arthur Keith: Description of the Cranberry quadrangle, U. S. Geol. Surv., Geol. Atlas, folio 90 
(1903); Description of the Asheville quadrangle, U. S. Geol. Surv., Geol. Atlas, folio 90 (1904); 
Description of the Nantahala quadrangle, U. 8. Geol. Surv., Geol. Atlas, folio 143 (1907). 

2%W. F. Prouty: Geology and mineral resources of Clay County, with special reference to the 
graphite industry, Ala. Geol. Surv., Co. Rept. no. 1 (1923) 190 pages. 

7G. I. Adams: Geology of Alabama—the crystalline rocks, Ala. Geol. Surv., Sp. Rept. 14 (1926). 

%W.S. Bayley: Geology of the Tate quadrangle, Georgia, Ga. Geol. Surv., Bull. 43 (1928) 170 pages. 

%®E. C. Eckel: Gold and pyrite deposits of the Dahlonega district, Georgia, U. S. Geol. Surv., 
Bull. 213 (1903) p. 57-63. 

30 Unpublished report on the crystalline rocks of Georgia. 


‘ 
e 
¥ 
§ 
i 
j 


1380 G. W. CRICKMAY—TALLADEGA SERIES 
impression is given that the Carolina “gneiss” is older than the Talladega 
“slate” or the Ocoee slate. One thesis of this paper is that the Talladega 
series is allied lithologically more closely to the Carolina series than 
to the Ocoee series, and that it is approximately the same age as the 
Carolina series. If the Carolina series is placed in the pre-Cambrian, 
as it probably should be, then the Talladega series, the writer claims, 
should also be placed there. 


AGE OF THE TALLADEGA SERIES 
FOSSILS 


Fossils of Devonian age have been found in the Jemison chert, and 
of Pennsylvanian age in the Erin shale. These formations were formerly 
included in the upper part of the Talladega series, which was, thus, 
naturally correlated with Paleozoic formations of the Appalachian Valley. 

On the latest geological map of the United States, the rocks surround- 
ing the Jemison chert (locality 11, Fig. 1) are excluded from the 
Talladega series. This change from older maps, the reasons for which 
have not been presented, throws serious doubt as to the significance of 
the fossils with respect to the age of the Talladega series. The Erin shale 
(locality 4, Fig. 1) is entirely surrounded by Talladega phyllite, but, 
as Jonas *' first stated and Park ** later demonstrated, it does not occupy 
a lens within the series but is exposed in a window through a thrust 
fault. The Pennsylvanian fossils, therefore, have no bearing on the age 
of the Talladega series. 

Fossils have been found within the area of crystalline rocks in Geor- 
gia,** but these are in pebbles presumably derived from the Paleozoic 
rocks of the Appalachian Valley. Marble, exposed on Turniptown Creek, 
near Ellijay (locality 7, Fig. 1), contains obscure markings, interpreted 
by Walcott to be organic remains, possibly sections of gastropod shells.** 
No fossils have been found in the Talladega series of North Carolina. 

There is, therefore, no certain fossil evidence on the age of the Talla- 
dega series. 

RELATION TO PRE-CAMBRIAN FORMATIONS 

The formations here included in the Talladega series, it has been 
claimed, rest unconformably on pre-Cambrian gneisses in the Asheville, 
Nantahala, Ellijay, and Tate quadrangles. If this contention can be 


31 A. I. Jonas: Structure of metamorphic belt of southern Appalachians, Am. Jour. Sci., 5th ser., 
vol. 24 (1932) p. 228-243. 

#C. F. Park: Notes on the structure of the Erin shale of Alabama, Wash. Acad. Sci., Jour., 
vol. 25 (1935) p. 276-279. 

330. B. Hopkins: Asbestos, talc, and soapstone deposits of Georgia, Ga. Geol. Surv., Bull. 29 
(1914) p. 8. 

%*S. W. McCallie: A preliminary report on the marbles of Georgia, Ga. Geol. Surv., Bull. 1, 
2nd Ed. (1907) 126 pages. 
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sustained, it is good evidence that the Talladega series is younger than 
the gneisses and is presumptive evidence of a Paleozoic age. 

According to Keith, the “Hiwassee slate” rests unconformably on pre- 
Cambrian rocks, Carolina gneiss, Roan gneiss, and granite gneiss, in 
the Asheville quadrangle near Crabtree Bald and on Pigeon River 
(locality 5, Fig. 1). The use of the term “slate” is misleading, for the 
rocks of the Talladega series (the metamorphic Lower Cambrian of 
Keith) here consist of mica schist and biotite gneiss containing ottrelite 
and garnet. The contact between the ‘“Hiwassee” schist and the recog- 
nized pre-Cambrian gneiss is nowhere clearly displayed at these localities. 

On the Nantahala, the Ellijay, and the Tate folios, the Great Smoky 
formation, which is at the base of the sequence here included in the 
Talladega series, is mapped with unconformable relation to the Carolina 
gneiss. Here, again, there are no exposures that offer a clear demon- 
stration. The base of the formation is regarded as uncertain by LaForge 
and Phalen. “No definite basal conglomerate has been found, nor any 
surface of unconformity, and the two formations (Great Smoky and 
Carolina) have been separated more or less arbitrarily and on theoretical 
grounds.”*> Bayley, likewise, was forced to conclude that “there seems 
to be no way of distinguishing between the rocks belonging in the Great 
Smoky formation and those belonging in the Carolina formation, the 
boundary between the two formations must be drawn arbitrarily in such 
a position as will express a reasonable interpretation of the geologic 
structure.”*® Thus, there is complete lack of field evidence to support 
statements that the Great Smoky formation, ‘“Hiwassee” schist, or any 
other formation belonging in the Talladega series rests unconformably 
on pre-Cambrian rocks in Georgia or North Carolina.*? 

The base of the Talladega series in Alabama is not known. 


CORRELATION WITH BEDS OF KNOWN AGE 


The Hiwassee slate, typically exposed on Hiwassee River, Polk County, 
Tennessee, in the Ocoee series, was originally described by Keith,** as 
bluish-gray slate with sandy layers, beneath the Cochrane conglomerate. 
It holds a position near the base of the Lower Cambrian arenaceous 
sequence, whose age has been determined on fossil evidence. The name 
was applied to schist and gneiss near the base of the “metamorphic 
Lower Cambrian” (Talladega series of this paper) at Crabtree Bald, 


% Laurence LaForge and W. C. Phalen: Description of the Ellijay quadrangle, U. S. Geol. Surv., 
Geol. Atlas, folio 187 (1913) p. 5. 

36 W. S. Bayley: op. cit., p. 56. 

% Charles Butts: op. cit., p. 56. 

88 Arthur Keith: Description of the Asheville quadrangle, U. 8. Geol. Surv., Geol. Atlas, folio 116 
(1904). 
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North Carolina,*® and at Sharp Mountain, Georgia,*® thus correlating 
the strongly metamorphosed Talladega formations and the slightly meta- 
morphosed Lower Cambrian rocks of the Ocoee and Chilhowee series. 
Strangely enough, this correlation has never been critically discussed, 
even though it is the most important evidence favoring a Cambrian age 
for the Talladega series. 

Correlations are far more hazardous across, than along, the strike of 
metamorphic rocks. The “Hiwassee slate” of Crabtree Bald lies within 
13 miles of the slates originally described as Hiwassee (but not the type 
section), but there is an immense difference in lithology. The “slate” 


in the Talladega series consists of mica schist and garnet-biotite gneiss, 


and nowhere can these crystalline schists be traced, along their strike, 
into the typical slates of Hiwassee River gorge. Bayley referred the 
graphitic garnet-mica schist of Sharp Mountain, Georgia, to the Hiwassee 
formation, because it holds a stratigraphic position similar to the schist 
of Crabtree Bald, but Bayley * specifically notes that the rocks are 
much more metamorphosed than are the slates of the Ocoee series. The 
correlation of the Hiwassee slate with schist and gneiss in the Talladega 
series is, therefore, extremely uncertain—far too uncertain to be the basis 
for age determination. Likewise, the identification of other Cambrian 
formations, such as the Snowbird, in the Talladega series appears to be 
unjustified. 

Even though exact formational correlation between the Talladega 
series and the arenaceous Lower Cambrian sequence seems impossible, 
it has been claimed that the coterie of formations in the two series are 
similar and roughly equivalent. The series of “metamorphic Lower 
Cambrian” rocks (the Talladega series of this paper) is estimated by 
Keith to include 10,500 feet of sediments below the Murphy marble in 
the Nantahala quadrangle, and the known Cambrian formations below 
the Shady limestone in the Asheville quadrangle are of approximately 
equivalent thickness (10,000 feet). Both series are largely arenaceous, 
in part conglomeratic; thus, exact similarity of sequence is not to be 
expected. 

The correlation of formations by similarity of sequence requires 
supporting evidence, for it is possible to match many series of entirely 
different ages by allowing some latitude in thickness and lithology. 
Matching establishes a comparison but not a correlation. For example, 
King ** sees some similarity in stratigraphic succession between part of 


Ibid. 

W.S. Bayley: op. cit. 

“ Ww. S. Bayley: op. cit., p. 48-52. 

“Pp. B. King: An outline of the structural geology of the United States, Int. Geol. Congr., 16th 
ses. Guide Book 28 (1932) p. 14. 
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the Talladega series of Alabama and the Paleozoic rocks, presumably 
the lower Paleozoic slates, of the Ouachita Mountains, Arkansas, but 
“suggestive comparisons” of this sort bring only ambiguity until simi- 
larity of age can be certified by other evidence. The stratigraphic 
succession of the Talladega series is not definitely established. Unfor- 
tunately, the naming of all formations in supposed sequence frequently 
leads to unjustified rigidity and finality. For example, the “Hiwassee” 
and the Nantahala schists of the Nantahala quadrangle are separated by 
the Great Smoky formation, more than 6,000 feet thick. But near 
Waleska, Cherokee County, Georgia, these two formations come together, 
and, being identical in lithology, their separation is entirely artificial. 
The Pinelog conglomerate of Bartow County, Georgia (locality 8, 
Fig. 1), is claimed by LaForge ** to be the lower part of the Weisner 
quartzite, but the Pinelog formation appears to lie at the base of the 
Talladega series, whereas the Weisner is the top of the Lower Cambrian 
arenaceous series. According to accepted correlations, between the 
Weisner quartzite and the overlying Shady limestone there should be 
more than 10,000 feet of sediments, which are missing, however, although 
represented 20 miles eastward by that part of the Talladega sequence 
from the Pinelog conglomerate to the Murphy marble.** Because of these 
and other inconsistencies to which any rigid classification leads, the 
writer prefers the more elastic scheme used by Butts, of naming only 
the most distinctive lithologic units. The demand for unusual structural 
interpretations, for which there is often little evidence, is thus avoided. 
Prouty ** thinks that the Sylacauga and the Sawyer marbles in the 
Talladega series of Alabama include beds ranging in age from Cambrian 
(Conasauga) to Ordovician (Chickamauga). Butts, however, believes 
that all the marble lies at the same horizon and, because of marked 
differences in lithology, cannot be correlated definitely with any of 
the Paleozoic limestones. The Murphy marble of Georgia and North 
Carolina, which may possibly lie at the same horizon as the marble of 
Alabama, has been correlated with the Knox dolomite by Elliott,** and 
with the Shady limestone by Keith.*7 The Sylacauga marble of Alabama 
lies well down in the Talladega series, but the Murphy marble of Georgia 
and North Carolina is near the top of the series. Largely on this account, 


43 Laurence LaForge: Manganese deposits of Georgia—general geology, Ga. Geol. Surv., Bull. 35 
(1919) p. 53. 

“4 W. S. Bayley: Geology of the Tate quadrangle, Georgia, Ga. Geol. Surv., Bull. 43 (1928). 

4 W. F. Prouty: The crystalline and other marbles of Alabama, Ala. Geol. Surv., Bull. 18 
(1916) p. 48. 

46 A. H. Elliott: The age of the southern Appalachians, Am. Jour. Sci., 8rd ser., vol. 25 (1883) 
p. 282-298. 

47 Arthur Keith: Description of the Nantahala quadrangle, U. S. Geol. Surv., Geol. Atlas, folio 143 
(1907). 
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the series in Alabama has been compared to formations above the Shady 
limestone and in Tennessee and North Carolina to the Cambrian sequence 
below the Shady limestone. Jonas,*® who believes the Talladega series 
is equivalent to the pre-Cambrian Wissahickon formation of Pennsyl- 
vania, correlates the Murphy marble with the Cockeysville marble of 
Pennsylvania. She maintains that the marble lies at the base of the 
series and not near the top, but evidence to support this complete reversal 
of Keith’s section has not been presented. 

The correlation of the Talladega series with Paleozoic formations by 
suggestive comparison of sequence or of calcareous horizons is hazardous 
and has led to many inconsistencies. More definite evidence along other 
lines is required to justify such comparisons and to give them significance. 


RELATION TO IGNEOUS SEQUENCE 

The “metamorphic Lower Cambrian” rocks, it has been claimed, rest 
unconformably on gneissic granite near Crabtree Bald, North Carolina, 
and Sharp and Pinelog mountains, Georgia. The granites have been 
called “Archaean”; thus, the relations appear to favor a Paleozoic age 
or late pre-Cambrian age for the Talladega series. Of the three areas, 
Pinelog Mountain (locality 8, Fig. 1) seems to offer the most convincing 
evidence. Here, graphitic phyllite and quartzite, in part conglomeratic 
(Pinelog formation), are in contact with granite augen gneiss (Corbin 
granite). La Forge *® has noted that the basal beds of the sedimentary 
series are “composed wholly of granitic material and show little evidence 
of transportation and sorting. In such places it is believed to be a seden- 
tary arkose formed by the reconsolidation of the debris derived from the 
weathering and disintegration, without much washing about, of an 
anciently exposed surface of granite.” The granite mass, according to 
this view, formed an island °° in the invading Cambrian seas. 

Field evidence strongly opposes these conclusions. The granite cuts 
obliquely across the quartzite (Pinelog formation), as is well demon- 
strated in exposures on Etowah River, 4 miles east of Cartersville. It 
penetrates graphite phyllite in streaks and lenses on the north side of 
Signal Mountain, 444 miles southeast of Cartersville. In places, the 
granite contains graphite and streaks of graphitic phyllite presumably 
derived from the surrounding graphitic rocks. Thus, the Corbin granite 
is intrusive into, and younger than, the rocks of the Talladega series. 
The granite has been locally micro-granulated, and gradations can be 


8A. I. Jonas: Structure of metamorphic belt of southern Appalachians, Am. Jour. Sci., 5th ser., 
vol. 24 (1932) p. 228-243. 

# Laurence LaForge: op. cit., p. 40. 

50 C. W. Hayes and E. C. Eckel: Iron ores in the Cartersville district, Georgia, U. 8. Geol. Surv., 
Bull. 213 (1903) p. 235. 
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found from coarse-grained augen gneiss to mylonite resembling fine- 
grained arkose. It seems probable that these are the gradations referred 
to by LaForge. 

From published descriptions, the relation of granite gneiss to adjacent 
rocks does not appear to be clearly displayed on Crabtree Bald, North 
Carolina.*! The granite gneiss of Sharp Mountain, Georgia (Salem 
Church granite), is clearly intrusive into the “Hiwassee” schist (“Hiwas- 
see” of Talladega series and not true Hiwassee of Ocoee series), which 
“appears to be saturated with granitic material.” *? Feldspathic eyes 
and pegmatite lenses occur in phyllite of the Talladega series on Fort 
Mountain, Georgia (locality 6, Fig. 1) but are absent from the neigh- 
boring Ocoee phyllite and Conasauga shale. 

Smoky blue quartz is common in many granite gneisses in the southern 
Appalachian region. Quartz pebbles of similar hue are present in con- 
glomeratic rocks of the Talladega series (Great Smoky formation), and 
it has been suggested that these pebbles were derived from the blue 
quartz of the granite, which is presumed to antedate the deposition of 
the Talladega series. Opposed to this conclusion is the view that the 
blue color of the quartz, in both the granite gneiss and the Talladega 
series, is secondary and is a mark of metamorphism. The blue color 
is probably due to minute inclusions, possibly secondary fluid-pores, 
whose parallel orientation indicates a response to stresses prevailing at 
the time of metamorphism. 

The Carolina series in North Carolina, Georgia, and Alabama is 
intruded by sill-like masses of hornblende gneiss, called Roan gneiss 
by Keith,®* which has been regarded as pre-Cambrian in age. The “meta- 
morphic Lower Cambrian” rocks, in which these basic gneisses are 
uncommon, is claimed to have escaped intrusion because of their more 
recent age. 

Near Waleska, Cherokee County, Georgia, hornblende gneiss, similar 
in all respects to the Roan gneiss in the Carolina series, intrudes Talla- 
dega formations. At Tate, Georgia, near the Cherokee and New York 
quarries, the Murphy marble is penetrated by stringers of dark horn- 
blende gneiss. Because these dark layers are present only where the mar- 
ble is in contact with hornblende gneiss, Bayley ™ believes they represent 
intrusive stringers with marginal contamination of marble. Thus, there is 
good evidence to show that hornblende gneiss, similar in many respects to 


51 Arthur Keith: Description of the Asheville quadrangle, U. 8S. Geol. Surv., Geol. Atlas, folio 116 
(1904). 

52W. S. Bayley: op. cit., p. 104. 

63 Arthur Keith: Description of the Cranberry quadrangle, U. S. Geol. Surv., Geol. Atlas, folio 90 
(1903). 

5% W.S. Bayley: op. cit., p. 34. 
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the pre-Cambrian Roan gneiss, is intrusive into the Talladega series. 
There is no positive evidence that the Roan gneiss is pre-Cambrian, and, 
therefore, the relations are not positive evidence of the pre-Cambrian age 
of the Talladega series. The presence of metamorphosed igneous rocks, 
granite gneiss and hornblende gneiss, in the Talladega series, and their 
complete absence in the Paleozoic rocks, is, however, suggestive evidence 
favoring a pre-Cambrian age for the Talladeza series. 

Tale deposits on Fort and Cohutta mountains, Georgia (locality 6, 
Fig. 1), represent, according to Hopkins,®°> metamorphosed peridotite 
dikes or sheets. Peridotite is not uncommon in the pre-Cambrian crys- 
talline schists of Georgia but does not occur in the known Paleozoic 
rocks. The age of the peridotite is uncertain but may be Paleozoic,** 
and, thus, the presence of tale and soapstone in the Talladega series has 
little age significance. 

METAMORPHISM 

The known Lower Cambrian rocks of Tennessee and North Carolina, 
below the Shady limestone, are essentially untouched by metamorphism, 
as expressed in such formation names as Sandsuck shale, Nichols shale, 
and Nebo sandstone. Near the Cartersville fault, these formations be- 
come slates and quartzites. Southeast of the fault, in the Talladega 
belt, the argillaceous formations are phyllite and mica schist, and the 
arenaceous formations are quartzite and fine-grained biotite gneiss, fre- 
quently misnamed graywacke. These differences are in the direction 
of increasing metamorphism; thus, the Talladega series has been regarded 
as a more metamorphosed equivalent of the Ocoee and Chilhowee series. 
According to this view, the Sandsuck shale is equivalent to the Hiwassee 
slate of the Ocoee series and to the “Hiwassee” schist of the Talladega 
series; the Nichols shale is equivalent to the Nantahala slate of the 
Talladega series, and the Nebo sandstone to the Tusquitee quartzite. 
This idea of a gradation in metamorphic intensity has not been advanced 
as evidence of age but, rather, to explain the marked differences between 
the Talladega and the Ocoee series, which, it is claimed, lie in unbroken 
sequence. 

There is good evidence to show that these differences between the 
Talladega and the Ocoee rocks are not gradational but are due to the fact 
that the two series have passed through an entirely different metamorphic 
history. Rocks of different age, lithology, or even origin, when meta- 
morphosed under a similar environment, commonly assume a similar 


550. B. Hopkins: Asbestos, talc, and soapstone deposits of Georgia, Ga. Geol. Surv., Bull. 29 
(1914) p. 213-216. 

56G. M. Hall and H. C. Amick: Mica peridotite in Tennessee, [abstract] Am. Min., vol. 20 
(1935) p. 204. 


~ 


if 
va 
‘ 
( 
4 
‘ 
j 


METAMORPHISM 1387 


appearance, by convergence to a homeomorphic type. The mineralogy 
and the texture of these rocks are frequently the only clues to their origin, 
particularly of those that have dropped back in the metamorphic scale 
and are retrogressive.*” 

The Talladega series, according to Jonas, represents a retrogressive 
metamorphism of the Carolina series. It has previously been noted 
that low-rank metamorphic rocks follow the Cartersville fault north of 
Allatoona, Georgia (locality 10, Fig. 1). Near Martin’s Mill (locality 12, 
Fig. 1) Conasauga shale lies below the fault, chlorite-albite schist above. 
The schist can be traced along the strike away from the fault into garnet- 
mica schist, in part graphitic. Bayley ** has shown that the chlorite 
in this mica schist has grown, largely at the expense of high-rank minerals 
such as garnet and biotite. In other words, the rocks at Martin’s Mill 
were once biotite-garnet schists, which, by retrogression, have assumed 
the appearance of metamorphic rocks of low rank. Thus, the gradation 
is not one of increasing metamorphism toward the southeast but, rather, 
of increasing degradation toward the fault. In many places, such as on 
Raccoon Creek, southwest of Cartersville, Georgia (locality 9, Fig. 1), 
chlorite-albite schist occurs along the fault but is not gradational into 
higher-rank metamorphic rocks. In such places, it is generally extremely 
difficult, or even impossible, to demonstrate that the rocks are retrogres- 
sive. Degradation of high-rank metamorphic minerals is in many places 
dependent, to a large extent, on strong differential movements near major 
faults, as clearly recognized by Jonas. In general, cataclasis, the actual 
granulation of minerals, is masked by the growth of new, low-rank min- 
erals, such as sericite, chlorite, and albite. 

The deformation of metamorphic structures is everywhere apparent 
in the Talladega series. Regularly puckered schistosity characterizes 
many of the schists, which are locally called “bull’s head” slates, in 
reference to their curly appearance in section. In many places the little 
crinkles are stretched into isoclinal folds whose parallel limbs form a 
plane of fissility, frequently called slip-cleavage. It is well known that 
such cleavage is a result of the transposition of an earlier schistosity 
to a new direction. Only rarely is the older schistosity entirely obliter- 
ated by its complete transposition.*® In most places the two cleavage 
directions are oblique and transect the rock rhomboidally (Fig. 3). 
Early quartz veins that lie parallel to the schistosity are in places (well 
shown near Ellijay, Georgia (locality 7) cut by the second cleavage into 


37. B. Knopf: Retrogressive metamorphism and phyllonitization, Am. Jour. Sci., 5th ser., vol. 21 


(1931) p. 1-27. 
88 W. S. Bayley: Geology of the Tate quadrangle, Georgia, Ga. Geol. Surv., Bull. 43 (1928) p. 48-52. 


89 W. S. Bayley: op. cit., p. 107. 
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Ficure 3—Cleavage of rocks from Talladega series and Ocoee series 


All sections are at right angles to plane of principal cleavage. 


Talladega gneiss and phyllite exhibit deformed schistosity (oblique) and secondary cleavage (vertical). Rhombic form of cleavage fragments is characteristic. 


Ocoee (Pigeon) slate shows deformed bedding cut by undeformed slatey cleavage. 
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pencil-shaped fragments,®° which have been erroneously interpreted to 
be stretched pebbles. 

Isoclinal folding of the schistosity is, in places, accompanied by 
crushing of mineral grains. Granulation along the stretched limbs of the 
little folds is seen in the shredding of mica plates, with consequent loss 
of lustre to the rock. In this way, some of the Talladega schists have 
been reduced to phyllitic and slaty rocks, similar in outward appearance 
to the Cambrian slates. The latter, however, although locally crumpled, 
nowhere possess the regularly crinkled structure or rhomboidal cleavage 
that characterizes most of the Talladega series. Many rock specimens 
collected from the Talladega series appear to be entirely wrapped around 
by shiny mica scales, which lie in the plane of schistosity. 

The fact that the Talladega series has been subjected to two periods 
of metamorphism has been recognized by LaForge and Phalen and others. 
Dual metamorphism is indicated by the evidence already cited—namely, 
the regional alteration of high-grade minerals to low-grade minerals and 
the deformation of earlier metamorphic structures. “The development 
of schistosity, the partial obliteration of original structures, and the 
recrystallization of the rocks occurred largely during the earlier move- 
ment.” * This first movement has been referred to the Taconic orogeny, 
but the Paleozoic rocks show no known evidence of strong deformation 
at the end of the Ordovician. The writer holds that the first deformation 
of the Talladega series antedates the deposition of the Paleozoic sedi- 
ments, that the Talladega rocks record in their mineralogy and texture 
a period of metamorphism, which the earliest Paleozoic rocks escaped 
by virtue of their more recent age. This first period of metamorphism, 
believed to have come near, or at, the close of pre-Cambrian time, affected 
both the Talladega and the Carolina series, but, in the latter rocks, 
alteration was somewhat more intense, as indicated by more complete 
obliteration of original structures and by a prevalence of coarser-grained 
rocks. These differences may be due to the fact that the Carolina series 
generally contains a great many small intrusions of granite, rare in the 
Talladega series, which contributed potent solutions and added to the 
high temperature of the rocks. There is, then, some evidence to indicate 
gradation of increasing metamorphism toward the southeast during this 
first period of deformation, but the writer finds no reason at all to sup- 
port the view that the Carolina series was deformed in any way, much 
less metamorphosed, before the deposition of Talladega series. 


© W. C. Phalen: On a peculiar cleavage structure resembling stretched pebbles, near Ellijay, 
Georgia, Jour. Geol., vol. 18 (1910) p. 554-564. 

© S. W. McCallie: Stretched pebbles from the Ocoee conglomerate, Jour. Geol., vol. 14 (1906) 
p. 55-59. 

© Laurence LaForge and W. C. Phalen: Description of the Ellijay quadrangle, U. S. Geol. Surv., 
Geol. Atlas, folio 187 (1913) p. 10. 


Ges 
A 


1390 G. W. CRICKMAY—TALLADEGA SERIES 


All the rocks of the region were deformed during the Appalachian 
orogeny, and there resulted in many places a striking convergence of 
rock types. Phyllites were produced, both from Paleozoic shale and 
from Talladega schist. The change of schist to phyllite resulted from 
intense differential movements, best described as penetrative, which re- 
worked the older metamorphic structures. These movements were natu- 
rally strongest near such major faults as the Cartersville overthrust, 
and, thus, the juxtaposition of Paleozoic and Talladega phyllite is no 
mere coincidence. 

The Paleozoic rocks have not been found unconformably resting on 
the Talladega series, but a break between the two series is certainly 
indicated by their divergent tectonic history. No one will seriously 
question that the metamorphic structures of the Talladega series indicate 
dual metamorphism—a first period of building up of new minerals and 
a second period of degradation. Again, there is general agreement that 
the known Paleozoic rocks have experienced only one period of strong 
deformation. This lack of conformity between the two series represents 
a break, which may be called a metamorphic unconformity, a term 
descriptive of the relation between two rock series, of which one contains 
evidence of a period of metamorphism that is unrecorded in the other, 
not because of differences in lithology, structure, or position, but because 
of difference in age. A metamorphic unconformity represents an hiatus 
in tectonic history, which is just as real and just as significant as a 
sedimentary unconformity. The evidence for such an unconformity is 
best shown in the argillaceous formations, for these register and retain 
the effect of metamorphic changes more distinctly than other rocks of 
the region. Quartzite and conglomerates are, in general, not susceptible 
enough to record such changes, and marble is too susceptible. The geo- 
logic story, as told in the bold type of sedimentation, has been erased 
by metamorphism but has been enlarged and rewritten by the same 
process in the hieroglyphics of mineralogy and texture. Thus, correct 
interpretation of the Talladega series requires a scrutiny of fine detail, 
which, of necessity, could not be included in earlier reconnaissance 
studies. Some of the problems here discussed are of a type ideally 
suited to the newer methods of petrofabric analysis, and it is hoped 
that a study of the rocks by this technique will be attempted. 

The evidence of metamorphism, therefore, allies the Talladega series 
with the Carolina series and indicates that both were deformed before 
the deposition of the Paleozoic rocks. The evidence strongly favors a 
pre-Cambrian age for the Talladega series. 
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Spencer * believed the Talladega and the Ocoee series to be equivalent, 
because they both hold a similar structural position with relation to the 
Appalachian Valley and Ridge province. Spencer and many later writers 
apparently failed to note that the Cartersville fault turns northeastward 
into the highlands near Chatsworth, Georgia (locality 6, Fig. 1), and 
another fault, the Great Smoky fault,** continues northward along the 
eastern margin of the valley. The Talladega series occupies a fault block 
separate from the Ocoee series. The Cartersville fault across North 
Carolina and Tennessee, first recognized by Jonas, can be followed only 
by close examination of metamorphic structures, for the rocks on both 
sides of the fault are superficially similar. These structures, as already 
described, are themselves the best evidence of strong differential move- 
ments.© 

The excellent section exposed on Ocoee River offers a good illustration. 
The Talladega rocks near Ducktown, Tennessee (locality 13, Fig. 1), 
consist mainly of biotite gneiss, in part conglomeratic, and garnet-mica 
schist. The schistosity is, in many places, regularly wrinkled, giving 
semblance of a second cleavage cutting across the schistosity (Fig. 3). 
To the west of Ducktown, down the river, this second cleavage becomes 
more pronounced, and the rocks take on a phyllitic appearance. At a 
sharp bend in the river, below the mouth of Brush Creek, the Talladega 
series consists of dark, scaly phyllite, thin sections of which clearly 
show a folded schistosity and a more prominent secondary cleavage. 
West of this point, there is an abrupt change. The rocks are dark phy]- 
lites with wrinkled bedding planes but undeformed cleavage. The cleav- 
age direction is nearly parallel to the axial planes of the larger folds, 
a condition that nowhere prevails in the crystalline rocks. These phyl- 
lites belong in the Ocoee series. The boundary between the phyllites of 
the Ocoee and those of the Talladega series is the Cartersville fault. A 
casual survey might lead one to suspect a gradation from one series to 
the other, but no gradation exists. There is no debate about the existence 
of the fault in Georgia and Alabama, for the Paleozoic formations are 
clearly truncated. 

It should here be pointed out that the correlation of the Talladega series 
with Paleozoic formations has required the introduction of some unusual 
and unwarranted structures. If the Talladega series is regarded as 
Paleozoic, the Cartersville fault is itself unusual, for the stratigraphic 


63 J. W. Spencer: The Paleozoic group; the geology of ten counties of northwestern Georgia, 
Ga. Geol. Surv. (1893) 407 pages. 

% Arthur Keith: Great Smoky overthrust, [abstract] Geol. Soc. Am., Bull., vol. 38 (1927) p. 154-155. 

*&E. B. Knopf: The recognition of overthrust faults in metamorphic terranes, Am. Jour. Sci., 
5th ser., vol. 30 (1935) p. 198-209. 
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displacement would be found to differ thousands of feet within a short 
distance. In fact, LaForge has doubted the very existence of a major 
fault in the Cartersville area. If the age of the Talladega series is 
changed to pre-Cambrian, many of these difficulties disappear. 


CONCLUSIONS 


The synonymity of the Talladega and the Ocoee series has become 
dogma in southern Appalachian stratigraphy. The Talladega series, it 
has been claimed, includes beds ranging from Lower Cambrian to Penn- 
sylvanian in age. Evidence concerning the age of the series involves 
consideration of fossils, relation to pre-Cambrian formations, correlation 
with beds of known age, relation to igneous sequence, metamorphism, 
and structure. Much of the evidence favoring a Paleozoic age for the 
series is based on opinion rather than on fact, and some of this evidence 
has been misinterpreted. The fact that the Talladega series is intruded 
by igneous rocks, granite gneiss, hornblende gneiss, and peridotite, which 
are not known to occur in nearby Paleozoic formations, suggests that the 
Talladega series is older. The evidence of a metamorphic unconformity 
between the Talladega series and the Lower Cambrian arenaceous rocks 
indicates, in the opinion of the writer, that both the Talladega and the 
Carolina series were metamorphosed before the deposition of the Paleo- 
zoic rocks. These relations strongly favor a pre-Cambrian age for the 
series. The writer has attempted to give a fair analysis of both sides 
of the question, but the type of evidence does not permit an assured 
finality to the answer. He believes that the Talladega series is pre- 


Cambrian. 


Srate Caprto:, Attanta, Ga. 

MANUSCRIPT RECEIVED BY THE SECRETARY OF THE Society, Fesruary 6, 1936. 
PReSENTED BEFORE THE GeoLocicaL Society, Decemper 28, 1935. 

PUBLISHED BY PERMISSION OF THE GeorGia State GEoLocisT. 
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INTRODUCTION 


The site of Boulder Dam is in Black Canyon of the Colorado River, 


approximately 75 miles below the mouth of the Grand Canyon (Fig. 1). 
At the dam, the river, when at low-water stage, is slightly less than 650 
feet above sea level. As the top of the dam is 580 feet higher, the water in 
the reservoir can rise almost to the 1230-foot contour. The resulting lake 


ll be 115 miles in extreme length, and will have several long, narrow 


arms in valleys tributary to the Colorado. The width will vary from a 
few hundred feet in the narrow canyons to a maximum of eight miles in 
the low country near the mouth of the Virgin River. 


— 
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As a result of field studies in neighboring areas, the writer realized that 
this lake would cover geologic features of great interest. Only hasty 
reconnaissance surveys had been made of most of the reservoir floor, and 
a careful systematic study seemed desirable, to avoid permanent loss 
of possibly critical geologic information. A grant from the Geological 
Society of America, made pos- 
sible by the Penrose Bequest, en- 
abled the writer to spend four 
months, from February to June, 
1934, making a survey of the en- 
tire reservoir floor. James L. 
Woodruff gave valuable help as 
assistant during the entire field 
season, and F. M. Murphy was 
a member of the party for about 
ten days. The writer wishes to 
acknowledge, also, the services of 
Murl Emery, of Boulder City, 
whose skill in navigating the 
river greatly facilitated the work 
and made it possible to reach 
some points that otherwise would 
have been almost inaccessible. 
Mr. Walker R. Young, construc- 
tion engineer for the United 
States Bureau of Reclamation, 
together with several members of 
his staff, extended every courtesy 
to members of the party. Near 
the end of the season the writer 
made extensive examinations 
from the air, both above and 
below the dam. The plane was Cave: 
furnished by the Bullock Airport C.V.=Chemehuevis Valley. 
at Boulder City. 

Base maps available for the field study were not wholly satisfactory, but 
proved to be adequate for general representation of the geology. All of 
the area below an altitude of 1250 feet is covered by topographic sheets 
with a scale of 2 inches to the mile and a contour interval of 50 feet. These 
sheets, prepared by the United States Geological Survey and the United 
States Bureau of Reclamation, are part of a series entitled “Plan and 
Profile of Colorado River from Lees Ferry, Arizona, to Black Canyon, 


Ficure 1—Location map of Boulder Dam 
and reservoir 
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Arizona-Nevada, and Virgin River, Nevada.” The area of the present 
survey is included in the sheets lettered I to N. It was found desirable 
to follow many of the lithologic units and structural features beyond the 
limits of this restricted base; the more extended study was made possible 
by topographic sheets prepared by the City of Los Angeles. Blueprint 
copies of these sheets, on the scale 1 to 125,000 and with the contour inter- 
val 100 feet, were obtained from the office of the Metropolitan Water Dis- 
trict in Los Angeles. The United States Geological Survey has reproduced 
the topography of part of this map in two advance sheets, the Boulder 
and the Bonelli quadrangles, on the scale 1 to 96,000 and with the same 
contour interval as the original (100 feet). Parts of these two sheets are 
reproduced in the present report as Plates 2,3, and 4. All major surface 
features are distinguishable on these sheets, but the topography is so 
much generalized and the scale is so small that the maps are of little value 
in accurate physiographic study. They are very helpful, however, in that 
they give a fair general representation of the surface features in a wide 
belt on both sides of the Colorado River. The United States Geological 
Survey sheets extend eastward only to Grand Wash; but the original map, 
prepared for Los Angeles, includes the Grand Wash Cliffs and the lower 
part of the Grand Canyon. 

The surface forms directly around Boulder Dam have been mapped in 
great detail. Brock and Weymouth, using aerial photography, supple- 
mented by instrumental control on the ground, prepared several sheets on 
the scale 400 feet to the inch, with a contour interval of 5 feet. In the 
vicinity of the dam, this map represents the entire height of the canyon 
walls and a considerable part of the high surface on either side of the 
river. Unfortunately, this large-scale map extends less than 10 miles 
above the dam, and in much of this length the contours are not carried 
above the 800-foot level. 

Partly because accurate base maps were lacking, but chiefly because 
physical difficulties of the field study were great and available time was 
short, the geological maps represented in this report are not complete or 
precise. Efforts were concentrated chiefly on the area to be flooded; but, 
as important interpretations depend, in part, on evidence found at a higher 
level, it was thought best to represent the general geology in some places 
considerably beyond the limits of the reservoir, even though formation 
boundaries could not be determined with precision. The chief emphasis 
was placed on attempts to work out critical relationships and to determine 
the geologic date of formations and of structural events. Mapping was 
not carried far above the mouth of the Grand Canyon, for the formations 
in the canyon below the 1250-foot level were mapped for the United States 
Geological Survey by R. C. Moore in 1923. 
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AREA NEAR COLORADO RIVER 
BETWEEN BLACK CANYON AND 
THE HEAD OF BOULDER CANYON 
Contour interval, 100 feet. Boulder Dam 
is at the point marked “‘Upper Black 
Canyon Dam Site.’’ Principal faults 
shown by heavy black lines (dotted, 
where concealed). Formation bound- 
aries indicated by light dotted lines. 
(ARgs) pre-Cambrian granite, gneiss, 
and schist; (€s) Cambrian strata; 
(As) Boulder Wash group; (Ta) Ter- 
tiary (?) igneous rocks and related 
sedimentary beds; (Tal) highly al- 
tered rocks, chiefly igneous; (Tbr) 
Tertiary (?) sedimentary breccia; 
(Tme) Muddy Creek formation; (Qg) 
old Colorado River gravels; (al) recent 
alluvium. Basalt and dark andesite 
included in Muddy Creek formation 
(atte): principal outcrops of Cheme- 
huevis formation (S.R.) 
Saddle Ridge; (F.R.) Fortification 
Rock. All the sections are as seen 
looking upstream, regardless of orien- 
tation, except H-H'-H” “‘Basalt’’ is 
distinguished from “‘lavas’’, which are 
in part dark andesites. 
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Numerous samples, both of indurated rocks and of incoherent recent 
sediments, were collected for laboratory study. Parts of this material, 
and in particular all the thin sections that have been prepared, were 
studied by W. J. Ambrose and L. B. Riley. 

The present paper presents the general results of the survey, and points 
out problems that invite further study. After the reservoir has become 
a quiet lake throughout its entire length, access to the area will be com- 
paratively easy, and features not hidden by water can be studied more 


intensively. 


PREVIOUS WORK 


The fascinating report of Lieutenant J. C. Ives gives the earliest ac- 
count of the Colorado River in the vicinity of Boulder Dam. The feat 
of Ives’ party in navigating a crude stern-wheel steamboat from the Gulf 
of California to the lower end of Black Canyon is amazing to anyone 
familiar with the treacherous character of the river in that long stretch. 
Ives worked his way through the swift waters of Black Canyon in a small 
boat, and his drawing of the canyon walls, greatly exaggerating their 
steepness and height, probably reflects the awesome impression created on 
the minds of the explorers by the difficulties, dangers, and stern aspect of 
the strange desert country. The party reached the mouth of Las Vegas 
Wash (PI. 2), which Ives supposed was the Virgin River. To an isolated, 
basalt-capned hill on the west side of the river above Black Canyon, he 
gave the name Fortification Rock (Pl. 1). His successors, through some 
misunderstanding, came to know the much larger basalt-capped remnant 
east of the river as Fortification Hill (Pl. 2, sect. A-A’), whereas the 
smaller feature designated by Ives is nameless on modern maps. In this 
report, however, the name he gave to the smaller hill is revived. 

In 1869, J. W. Powell made his historic first expedition through the 
Grand Canyon, and continued down the Colorado to the mouth of the 
Virgin River, where the party divided. Powell himself went up the Virgin 
River to St. Thomas, but four of his men took the boats down the Colo- 
rado through Boulder and Black canyons, to Fort Mohave.?, Members 
of the Wheeler expedition in 1871 traversed the Colorado from Fort 
Mohave to the mouth of Diamond Creek, in the Grand Canyon, and G. K. 
Gilbert published geological notes on Boulder, Virgin, and Iceberg can- 
yons, and on the lower part of the Grand Canyon. Dutton extended 
his reconnaissance geological map somewhat west of the plateau, and 


1J. C. Ives: Report upon the Colorado River of the West, Government Printmg Office, Wash- 
ington (1861) 154 pages. 
3 J. W. Powell: Exploration of the Colorado River of the west and its tributaries, Government 
Printing Office, Washington (1875) 291 pages. = 
3C. M. Wheeler: Annual report upon the geographical explorations and surveys west of the one 
hundredth meridian, vol. 3 (1875) p. 35, 162-163, 184. 
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Ficure 2.—Topographic setting of the Boulder reservoir 


(Considerably modified from Lobeck’s Physiographic Diagram of the United States.) 


=Needles. 


Muddy Mountains; B.C.=Boulder City; N. 


M.Mts.= 


a. 
j 
— 


PREVIOUS WORK 1399 


discussed briefly some of the geologic features near the mouth of the 
Grand Canyon.‘ 

The first serious attempt to map the geologic formations along the Colo- 
rado west of the plateau was made by Lee, who in 1903 and 1904 made 
an extensive reconnaissance in western Arizona, including a trip by boat 
from the mouth of the Grand Canyon to Needles, California.’ The boat 
trip was necessarily hasty, and Lee’s observations were confined to a belt 
closely adjacent to the river. Nevertheless, he was able to make some 
important contributions. 

Spurr’s map of southern Nevada covers much of the area of the present 
report; but, as it is based on meager information, it is generalized and 
vague.® Schrader’ and others made local contributions in connection 
with economic work. Darton’s geological map of Arizona showed, on a 
small scale, the distribution of the principal rock formations along the 
river, so far as knowledge at the time permitted.® 

During the early stages of planning Boulder Dam, the United States 
Bureau of Reclamation engaged F. L. Ransome, then of the United 
States Geological Survey, to make a detailed examination of proposed 
sites in Boulder and Black canyons. The results of Ransome’s careful 
work are embodied in a lengthy report, typed but not published. Before 
the present writer went to the field, he had the advantage of studying 
a copy of Ransome’s report in the files of the United States Geological 
Survey. 

C. P. Berkey and W. J. Mead made detailed studies of the damsite 
and vicinity before and during the construction of Boulder Dam, and 
subsequently recommended that detailed study of the reservoir area be 
made before permanent flooding. They were the geologist members of 
the Colorado River Board, which furnished the technical report that 
President Coolidge used as a basis for signing the bill authorizing the 
building of the dam. 

TOPOGRAPHY OF THE AREA 

The greater part of the reservoir lies in the eastern part of the Basin 
and Range physiographic province. However, the eastern forty miles is 
in the Grand Canyon, within the western part of the Colorado Plateau 
province. This location across the border zone, at a place where the 


*C. E. Dutton: Tertiary history of the Grand Canyon district (with atlas), U. S. Geol. Surv., 


Mon. 2 (1882) 264 pages. 
5W. T. Lee: Geologic r i of a part of western Arizona, U. S. Geol. Surv., Bull. 352 


(1908) 92 pages. 


6 J. E. Spurr: Descriptive geology of Nevada south of the fortieth parallel and adjacent portions 
of California, U. S. Geol. Surv., Bull. 208 (1903) 229 pages. 

7F. C. Schrader: Mineral deposits of the Cerbat Range, Black Mountains, and Grand Wash Cliffs, 
Mohave County, Arizona, U. 8. Geol. Surv., Bull. 397 (1909) 226 pages. 

®8N. H. Darton (and others): Geologic map of the State of Arizona, prepared by the Arizona Bu- 
reau of Mines in cooperation with the United States Geological Survey (1924) scale 1:500,000. 
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boundary between the provinces is definitely marked, lends the area 
critical interest. 

A reconnaissance from the air gives a vivid appreciation of the topo- 
graphic forms and their close relationship to lithology and structure. 
The abrupt contrast between the tabular masses of the plateau and the 
serrate ridges reflecting tilted strata in the Basin Ranges is startlingly 
clear. In a westward traverse along the course of the Colorado, it is 
obvious that the stream runs for a long distance across the general 
“grain” of the country, as the major topographic features are elongate 
from north to south (Fig. 2). In order, from east to west, these fea- 
tures are: the Grand Wash Cliffs, marking the western edge of the 
plateau; the Grand Wash trough, a low belt about 10 miles wide; the 
Virgin Mountains, chiefly north of the river but continued to the south 
in lower chains of hills; the Virgin River-Detrital Wash trough,’ con- 
tinued far to the south as the Sacramento Valley; the Black Mountains; 
and the Callville Basin, in which the river turns abruptly south to enter 
Black Canyon. 

As seen from a distance of several miles, the Grand Wash Cliffs appear 
to be a fairly regular wall, rising 4000 feet, or more, above the floor of 
the Grand Wash trough. A closer view shows that the wall has been 
made extremely irregular by dissection. The greatest gash has been cut 
by the Colorado River; but numerous other parallel stream courses, 
spaced several miles apart, have eroded large valleys that are fairly well 
graded for several miles east of the lower cliff. As a result of this dis- 
section, the plan of the lower cliff is made jagged with deep indenta- 
tions and long promontories. In vertical section, also, the cliffs are 
highly irregular, chiefly because of differences in resistance of strati- 
graphic units. The lower cliff, on a thick series of limestone and dolo- 
mite, is a succession of bluffs and steep slopes. The top shows active 
recession at the expense of a submature surface on which many of the 
minor valleys slope directly away from the brink of the cliff. 

The surface above the lower cliff is a platform, 2 miles or more in 
width, from which the weak Supai formation has been removed except 
in isolated buttes. The upper cliff, which rises as a second gigantic 
step, has a basal steep slope on the Supai formation, surmounted by a 
nearly vertical face on the resistant Kaibab limestone. This cliff, also, 
is greatly dissected. It is not found within several miles of the Grand 
Canyon, as active erosion near the river has carried away the Supai 
formation. 

In the plateau, the control of land forms by bedrock is everywhere 
evident. Edges of the nearly horizontal strata, exposed by the network 


® Hereafter in this report, the shorter form Virgin-Detrital trough is used. 
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of small valleys, trace patterns that strongly suggest contour lines drawn 
on a relief model. North of the river, on the Shivwits division of the 
plateau, the highest and most extensive flat areas are preserved by a 
capping of black basalt. The canyon itself reveals tremendous dissec- 
tion by the Colorado and its tributaries. Isolated mountainous rem- 
nants, together with slender promontories between adjacent minor can- 
yons, give the walls of the main valley an extremely ragged appearance. 
Near the mouth of the canyon the plateau is cut up in such intricate 
fashion that, in a close view upstream from the low ground in the 
Grand Wash trough, it is impossible to locate the exact position of the 
main valley (PI. 5, fig. 2). 

Directly west of the plateau, the bedrock changes abruptly, and it is 
evident that the present low average altitude of the Grand Wash trough 
is due to comparatively rapid erosion of weak rocks in its floor. The 
Colorado, crossing the trough at an altitude of about 900 feet, is bor- 
dered on each side by a series of terraces that lead up to altitudes of 
about 1500 feet on the divides between tributary washes. These divides 
appear to be remnants of a somewhat composite surface that was devel- 
oped on the weaker rocks of the Grand Wash trough when the river 
grade was several hundred feet higher. Above this surface rise sharp- 
crested ridges of more resistant Paleozoic strata, and prominent mesas 
and buttes, some capped with basalt, others with limestone. Clearly, 
the ridges of older rocks once were buried by younger deposits and have 
been exhumed as the river and its tributaries have lowered their beds. 
The tributaries form a dendritic network of channels, some of them incised 
sharply to a depth of 100 feet or more. In large areas the Tertiary and 
younger deposits flooring the trough are intricately dissected into badlands. 

The Virgin Mountain block is broad and highly irregular in plan, and 
its surface is extremely rugged. Both the outline and the relief are 
strongly influenced by bedrock structure. Near the river the eastern 
front of the range is formed of Paleozoic strata dipping steeply east- 
ward, offset by oblique faults that produce several high ridges, arranged 
en echelon. These strata rest on a complex of pre-Cambrian gneiss and 
schist, intruded by granite; these rocks form the middle and western 
parts of the mountain block, which consist of irregular ridges and isolated 
peaks separated by broad valleys. Gold Butte, the highest point in this 
southern part of the range, consists of granite; its altitude is 5185 feet. 
Bonelli Peak, somewhat lower, surmounts a great mass of gneiss that 
marks the abrupt termination of the range toward the southwest (PI. 3). 

At the south and southeast, the limits of the range are not well defined, 
unless the Colorado River is arbitrarily taken as the boundary. The 
river, in its northwesterly course across the Grand Wash trough, has cut 
canyons through exhumed fault blocks of Paleozoic strata (Pl. 21). It 
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turns abruptly southwestward, along a strike fault in Iceberg Canyon. 
The nameless ridge east of this canyon is almost as high as the ridges 
directly west of it (Pl. 3). A wide section of the valley south of Iceberg 
Canyon is called Greggs Basin in this report. At the mouth of Hualpai 
Wash the river turns west through Virgin Canyon, both walls of which 
are of pre-Cambrian rocks. These rocks form hills farther south, which 
thus are related geologically to the Virgin Mountains. 

Downstream from Virgin Canyon, the river again enters low country 
floored with Tertiary rocks, in the widest part of the Virgin-Detrital 
trough. As the Tertiary formations vary considerably in resistance to 
erosion, the hill-and-valley topography in the trough is greatly diver- 
sified. Buttes such as The Temple, capped by horizontal layers of lime- 
stone and basalt, rise 700 feet or more above the river (Pl. 11, fig. 2). 
Tilted sheets of basalt form several prominent ridges. For the most 
part, however, the topography adjacent to the river consists of low hills 
and small, sharply incised valleys, with numerous remnants of stream 
terraces. Large areas underlain by weak clay and gypsum have been 
cut into a maze of badlands. 

The trough, viewed as a unit, is a striking feature. Bordered on each 
side by mountain walls of varying height, it stretches north along the 
Virgin River more than 50 miles and south fully 100 miles. The greatest 
width is 20 miles, and the average width about 10 miles. Throughout its 
length the trough is floored chiefly with youthful weak deposits, whereas 
the walls are formed of more resistant, and generally older, rocks (Pl. 6). 
In its present form the trough is chiefly, if not entirely, the product of 
differential erosion, although tectonic movements played a prominent part 
in forming the original depression. 

The Black Mountain block, apparently an abrupt barrier across the 
course of the Colorado, has been breached to form the narrow Boulder 
Canyon, which has a maximum depth of nearly 2000 feet. The walls 
are steepest and highest near the head of the canyon, where massive 
pre-Cambrian granitic rocks are predominant (Pl. 6). Younger igneous 
rocks and pre-Cambrian schists make less formidable cliffs in the lower 
part of the canyon. South of the river, the granitic rocks form a large 
part of the range, which locally rises above 5000 feet in altitude. North 
of the river, the range is chiefly of volcanic rocks, which are eroded into 
a rugged surface of moderate height. 

West of Boulder Canyon, the river enters a wide basin with low relief, 
underlain chiefly by weak sedimentary deposits of Tertiary and later 
age (Pl. 1). In the present report, this area is called the Callville Basin, 
after historic Old Callville. Steep topography bounds the basin on all 
sides except the northwest, where the weak strata extend for many miles 
and have been eroded to form a low average slope. On the east and 
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northeast, the Black Mountains rise precipitously; in part, the steep west- 
ern front of the range may be the direct result of faulting, although ero- 
sion of the weak rocks west of the fault is largely responsible for the 
height of the scarp. West of the basin lies a short range, made largely 
of volcanic and other igneous rocks, with an average height near 2000 
feet above the basin floor. Similar rocks make a steep rampart on the 
south, where the river escapes through Black Canyon; this narrow gorge 
has been cut into the resistant bedrock to a depth of nearly 1000 feet 
(Pl. 18). Fortification Hill, at the southeast corner of the basin, is a mesa 
with a thick capping of basaltic flows. 

Differential erosion of varied bedrock has produced isolated relief fea- 
tures on the floor of the Callville Basin, several of which will form 
islands when the reservoir is filled. One of these is Fortification Rock, 
as named by Ives, which is a basalt-capped butte, 2 miles west of For- 
tification Hill (Pl. 1). About 3 miles farther west, an isolated ridge of 
pre-Cambrian schist and gneiss extends north-south, with a maximum 
altitude of 1600 feet (Pl. 2). Remnants of basaltic flows form prom- 
inent hills farther north, beyond the limits of the reservoir. 

Prominent gravel terraces bordering the Colorado mark many older 
levels of the stream. Remnants of these stream-built surfaces range in 
height from 25 to 750 feet above the present low-water stage of the 
river. 

The topographic features described thus briefly are treated genetically 
in later sections of the paper. 


STRATIGRAPHY AND LITHOLOGY 
GENERAL STATEMENT 

The bedrock of the reservoir floor is highly complex, and includes units 
ranging in age from pre-Cambrian to Recent. Sedimentary formations 
are predominant, but igneous rocks of many types are abundant, and 
metamorphic rocks underlie considerable areas. Many of the formations 
have been previously studied in adjoining districts, and their positions in 
the time scale have been closely determined. Some of the formations, 
however, are peculiar to the country adjacent to Colorado River, and 
these were made the object of special study in the present investigation. 

A large proportion of the reservoir is underlain by formations of Ter- 
tiary and younger age. Attempts to date some of these units precisely 
by fossil evidence have not been successful. Fortunately, all the impor- 
tant formations extend beyond the limits of the reservoir, and will, there- 
fore, be available for further field study. Critical evidence bearing on the 
relation of these units to each other and to older rocks is presented in 
this paper. 
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PRE-CAMBRIAN ROCKS 


Within the area covered by this report the Colorado River cuts rocks 
of known pre-Cambrian age near the mouth of the Grand Canyon, at 
the south end of the Virgin Mountains, and in the upper and the lower 
parts of Boulder Canyon. There are, also, two areas of these rocks not 
touched by the river: one, east of Virgin Canyon, on the east side of 
Hualpai Wash; the other, in a small isolated ridge, 5 miles northwest of 
Boulder Dam, here called Saddle Ridge (PI. 2). 

In all these areas the bedrock is a complex of gneiss, schist, and coarse- 
grained igneous rocks, generally similar to the Vishnu schist of the Grand 
Canyon district.1° Proportions of the several rock types vary greatly 
from one locality to another. In the Grand Canyon, in the upper part 
of Boulder Canyon, and in the lower part of Iceberg Canyon, rocks of 
granitic composition are most'conspicuous. In much of Virgin Canyon 
and in the lower part of Boulder Canyon, various types of schist and 
gneiss are especially prominent. A peculiar greenish schist makes up a 
large part of Saddle Ridge. In all the areas, dikes of granite, pegmatite, 
and aplite are abundant, and locally there are numerous dikes of dark 
igneous rock, most of it fine-grained. 

Schistose and gneissic rocks form the oldest parts of the complex in 
each area. Quartz-mica schist is common, and quantities of banded gneiss 
appear to be a modification of biotite schist by lit-par-lit injection of 
granitic material. Green chlorite schist is abundant at several localities, 
and in Virgin Canyon there are several wide bands of lustrous black 
amphibolite. Metamorphism is so extreme in some of these older units 
that determination of their original character would be a difficult prob- 
lem. In the lower part of Virgin Canyon a series of interlayered mica 
schists and quartzose gneisses have a regularity of thickness and sim- 
plicity of structure that suggest origin by metamorphism of interbedded 
shales and sandstones; indeed, some of the thick bands of quartzose 
gneiss have a strong resemblance to beds of quartzite. The thick series 
of chloritic schists in Saddle Ridge also has a structure suggestive of 
original bedding; possibly, the parent rocks were basic lavas. 

Plutonic rocks cutting the older metamorphic series have a wide range 
in composition, and probably they represent many episodes of intrusion. 
The largest masses observed in the area are in the Black Mountains; 
they are particularly well exposed in the walls of Boulder Canyon. Near 
the mouth of the canyon a coarse-grained gabbroic rock is intrusive into 
schist and gneiss, and is, in turn, intruded by rather fine-grained biotite 
granodiorite, which covers large areas, both north and south of the canyon. 


LL, F. Noble: The Shinumo quadrangle, Grand Canyon district, Arizona, U. 8. Geol Surv., Bull. 
549 (1914) p. 32-87. 
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A border zone of the granodiorite, adjacent to the gabbro, consists of 
coarse-grained diorite filled with long grains of hornblende, which give 
the rock a striking appearance. The granodiorite mass appears to extend 
far south along the west side of the range. Near the head of Boulder 
Canyon the steep walls are composed of several types of granitic rocks, 
including biotite granite, quartz monzonite, granodiorite, and hornblende 
syeno-diorite (Pl. 6). Precise relations of the various masses were not 
determined. 

In the southeastern part of the Virgin Mountains, and particularly at 
the lower end of Iceberg Canyon, are large bodies of coarse-grained reddish 
granite. Similar rock forms small dikes and lit-par-lit bands in many 
other areas; but near Iceberg Canyon this “red granite,” as it has been 
called by Lee and others, extends continuously along the river for a mile 
or more, forming conspicuous cliffs. The color is due to pink microcline, 
which forms almost sixty per cent of the rock. Similar granite is conspic- 
uous in the pre-Cambrian belt east of Hualpai Wash, several miles directly 
south of Iceberg Canyon (PI. 21). 

A porphyritic granite of striking appearance, distributed widely in the 
southern Virgin Mountain block, is here called the Gold Butte granite, 
from its prominence in the peak of that name (Pl. 21). A large body 
of this granite is exposed at the head of Virgin Canyon, where it includes 
xenoliths of the invaded gneiss and schist. Coarse Tertiary sedimentary 
breccias, bordering the mountains, and exposed nearly as far east as the 
mouth of the Grand Canyon, contain abundant fragments of this distine- 
tive granite, indicating that the pre-Cambrian mass of the Virgin Moun- 
tains formed a prominent highland in late Tertiary time. 


The granite is pinkish gray, coarse-grained, and distinctly porphyritic. Pheno- 
crysts of microperthite are commonly an inch or more in length, and some are 
nearly 3 inches long. According to Hill, feldspars in the groundmass are micro- 
perthite, orthoclase, microcline, and a little oligoclase.* Quartz forms about thirty 
per cent of the rock. Greenish biotite, with some hornblende, shows a tendency 
to segregate into conspicuous knots. Near Gold Butte, many of these segregations 
are spherical masses, several inches in diameter. 

In comparison with other pre-Cambrian igneous rocks of the region, the Gold 
Butte granite appears remarkably fresh and undeformed. This fact suggests that 
the granite may have been formed in late geologic time. Reconnaissance work in 
the Virgin Mountains has not revealed any granite cutting Paleozoic or later strata. 
However, there are small deposits of metallic minerals in the Paleozoic rocks near 
Gold Butte, and Hill reports silicification of limestone near its contact with the 
granite in that area.” Close study in the southern Virgin Mountain block may 
yield critical evidence bearing on the age of the Gold Butte granite. 

Pegmatite dikes, large and small, are abundant in the pre-Cambrian complex. 
Most of those examined by the writer contain few minerals other than feldspar, 


uJ. M. Hill: The Gold Butte mining district, U. S. Geol. Surv., Bull. 648 (1914) p. 45. 
33 Op. cit., p. 47. 
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quartz, and mica. Many contain pink microcline, like that in the “red granite” 
already described; others are rich in albite, and appear nearly white. Large pegma- 
tite dikes are especially numerous in some parts of the southern Virgin Mountains. 
The north wall of Virgin Canyon is cut by a prominent swarm. Veins of white 
quartz also are abundant. Some veins in the Virgin Mountains are gold-bearing. 


The structure of the pre-Cambrian rocks is highly complicated. In 
many places the schistosity is crumpled, and dips vary greatly. How- 
ever, a northerly strike is common throughout the area. In general, the 
foliation dips steeply; but there are at least two notable exceptions. In 
the lower part of Virgin Canyon the interlayered schists and gneisses 
strike slightly west of north and dip southwestward only 20 to 25 degrees. 
There is practically no crumpling, and the low dip is remarkably uni- 
form. Likewise, the chloritic schist and quartzose gneiss in the southern 
part of Saddle Ridge have westward dips as low as 15 degrees. The 
steep and nearly straight eastern front of this ridge resembles a fault 
scarp; and, as the western slope follows the moderate dip rather closely, 
the ridge as a whole has the appearance of a tilted fault block. 

In all the localities that exhibit the contact between Cambrian and pre- 
Cambrian rocks, the surface of unconformity is remarkably even. Near 
the mouth of the Grand Canyon, south of the river, the Cambrian sand- 
stone fills several V-shaped trenches, cut sharply into the granite gneiss 
to a depth of 3 feet. These are the largest irregularities seen anywhere 
at the contact. From the mouth of the canyon, where the contact is 
nearly 100 feet above the river at low-water stage (PI. 19, fig. 1), the sur- 
face of unconformity extends upstream almost horizontally for about a 
mile, to the first bend, where a fault drops it below the stream level. In the 
Virgin Mountains and east of Hualpai Wash, where the contact is tilted 
steeply, the surface is, likewise, nearly a plane. Nowhere was any coarse 
debris seen in the basal part of the Cambrian. Quartz pebbles, rather 
well rounded, are scattered through the sandstone, but no real conglom- 
erate was seen, and in most places, sandstone with moderate size of grain 
lies directly above the contact. 


ROCKS POSSIBLY OF PRE-CAMBRIAN AGE 


In the northern part of Saddle Ridge, and on the north side of Boulder 
Canyon, strata of unknown age lie directly above the older pre-Cambrian 
complex. At Saddle Ridge the section has been nearly destroyed by ero- 
sion, and only a small remnant, with about 150 feet of strata, remains. 
The basal member consists of water-laid conglomerate, in thick, poorly 
defined beds, containing partially rounded pebbles and small boulders of 
pre-Cambrian granite, gneiss, and schist; there are, also, scattered pebbles 
of yellowish dolomite, from an unknown source. This conglomerate is 
approximately 100 feet thick. Above it are layers of brownish sandstone, 
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ranging from a few inches to several feet in thickness, interbedded with 
thin layers of conglomerate containing small pebbles of the same rock 
types included in the basal member. Near the top of these fine-grained 
beds is a layer of yellowish sandy magnesian limestone, which has the 
structure of an intraformational breccia. It weathers to a rough surface, 
on which some of the smaller included fragments have a superficial resem- 
blance to fossils. The strata dip 40 degrees northwestward, and are cut 
by irregular bodies of andesite porphyry, which probably are related to 
voleanic rocks of late geologic age. 

All the strata in the Saddle Ridge section are strongly indurated. The 
sandstones have siliceous cement, and some layers are almost quartzites. 
The conglomerate at the base has a firm matrix of fine-grained material 
that appears to contain chlorite developed by metamorphism. There is 
no evidence as to age of the strata except that they are younger than the 
pre-Cambrian schists and older than an overlying thick series of volcanic 
rocks, probably Tertiary (Pl. 2, sect. C-C’). 

The stratified series north of Boulder Canyon (here called the Boulder 
Wash group) lies far above the high-water level of the reservoir, and, 
therefore, was not studied in detail. Its thickness is many hundreds of 
feet, and possibly exceeds 2000 feet. Directly north of the canyon, and 
west of the mouth of Boulder Wash, pre-Cambrian schist underlies the 
steep slope to a height 650 feet above the river. The schist here strikes 
northeastward and dips steeply to the northwest. A vertical cliff at the 
top of the steep slope exposes the edges of dolomite beds that dip 15 
degrees to the north, and thus are strongly unconformable to the foliation 
in the schist. The surface of contact is nearly plane, and dolomite lies 
directly on the older rocks. There is no basal layer of clastic material, 
and the lower part of the dolomite appears to contain no scattered frag- 
ments larger than coarse sand grains. Three or four feet above the con- 
tact, some thin layers of greenish compact shale interrupt the dolomite; 
otherwise, there is little evidence of bedding, although thin lamination 
on parts of the weathered cliff marks the direction of stratification. 

Exposed surfaces of the dolomite are rusty yellow-brown, but the 
freshly broken rock is dark gray, compact, and heavy. It is cut by nu- 
merous joints, and weathered surfaces are rough. Nodules of dark chert 
are conspicuous on the weathered cliff. Several small dikes of badly 
altered dark rock, perhaps diorite, cut across the dolomite adjacent to 
Boulder Canyon; these dikes strike north to northeast and dip steeply 
westward. The estimated maximum thickness of the dolomite is 200 feet. 

Above the dolomite, and separated from it by a highly irregular surface 
of erosion, is a remarkable coarse breccia, containing fragments of granite, 
gneiss, and schist, with scattered blocks, also, of the dolomite. This 
breccia fills valleys, some of which reduce the thickness of the dolomite 
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to 50 feet or less; in one place, half a mile above the mouth of Boulder 
Wash, the dolomite is cut out entirely, and the breccia rests directly on 
the pre-Cambrian schist. Many of the included angular blocks are a foot 
or two long, and some are at least four feet in greatest dimension. The 
matrix, fine-grained, very hard, and rich in iron-oxide, is littered with 
small rock fragments, most of them noticeably angular. When a thin sec- 
tion of the matrix is examined under high magnification, it can be seen 
that this predominant angularity extends to the smallest visible particles. 


The breccia certainly is several hundred feet thick, and probably the total thick- 
ness exceeds 1000 feet. Reliable measurement is difficult, because the attitude of 
beveled section varies considerably and, in the lower part of the breccia, bedding 
is either obscure or absent. Perhaps more careful study will reveal evidence of 
stratification; but a hasty survey showed that the greater part of the deposit has 
a massive, homogeneous appearance, and that the fragments appear to lack any 
orderly arrangement. Several hundred feet above the base, there is an obvious 
tendency toward parallelism of the long axes of blocks, and at a higher level the 
coarse deposit interfingers, toward the west or northwest, with a series of thin-bedded 
sandstone, shale, and limestone. This interfingering is diagrammatically clear. Along 
Boulder Wash, where the strata have been dragged down by faulting, only a few 
thin beds of the fine-grained sediments are intercalated with the breccia. On the 
steep slope to the west, more than half of the section is made up of the sandstone 
and shale, and the digitate contact with the breccia can be followed in detail. 
At the top of the high ridge the fine-grained strata form a nearly continuous 
section, several hundred feet thick. In this section the predominant rock is fine- 
grained sandstone, highly indurated and much of it quartzitic. The L « are 
typically one to three inches in thickness. Occasional layers a foot or mor thick 
are characteristically cross-bedded. Nearly all of the thin layers are strikingly 
rippled. Most of the ripples are of the symmetrical oscillation type, with a wide 
range in size; the largest measure fully six inches from crest to crest, the smallest 
less than an inch. Asymmetric ripples with the typical pattern formed by currents 
are present on some layers, but are much less common than the other type. 

Layers of gray shale and yellowish siltstone are interbedded with the sandstone 
in the upper part of the section. There are, also, several layers of yellow limestone 
that contain abundant grains of quartz sand, and ten feet or more of impure lime- 
stone with very thin, regular lamination. Lava flows, also, are high in the section. 
The lowest flow seen along Boulder Wash is of light-colored andesite, 40 to 50 feet 
thick. Directly above it is a flow of dark andesite, more than 100 feet thick, 
succeeded by another layer of breccia, containing fragments of the underlying lava 
in addition to pre-Cambrian constituents. Finally, there is a succession of andesite 
flows and breccias, totaling hundreds of feet in thickness. West of Boulder Wash, 
these volcanic rocks lie directly above, and apparently conformable with, the series 
of thin-bedded sandstones and shales (PI. 2, sect. G-G’). 

Intelligent interpretation of this unusual section will require more intensive field 
study. The thick breccia, in particular, presents a fascinating problem. Its general 
character suggests an origin either by glacial deposition or by volcanic explosion. 
Seeking to test the former hypothesis, the writer examined the form and surface 
markings of the larger included fragments, so far as brief time permitted. Although 
some of these have subangular outlines, none was seen that suggested glacial 
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shaping, and no scratched or polished faces were found. An attempt to examine 
the floor on which the breccia rests met the difficulty that the breccia is more 
resistant than the underlying dolomite, and, therefore, erosion does not lay bare 
any extensive areas of the unaltered contact surface. Small areas seen in the few 
accessible places where the contact is exposed in cliffs gave the definite impression 
that the upper surface of the dolomite is remarkably smooth, if not polished. 
Nearly all the small samples examined, however, were at the bottom of pre-breccia 
valleys, where running water, armed with abrading tools, may have had considerable 
smoothing effect. No positive evidence bearing on the hypothesis of origin by 
explosion was found. Origin of the massive breccia in a landslide or gigantic 
mudflow is improbable, as such deposits have internal structure reflecting the various 
directions of movement in the matrix, and no such structure was found in the 
breccia. However the main body of debris came into existence, it is clear that 
the upper part was, to some extent, reworked by water action, which built coarse 
fans along the border of a basin in which finer sediment was accumulating. 

Two miles below the head of Boulder Canyon and south of the river, there 
is a considerable thickness of ripple-marked sandstones, like those already described. 
At neither locality do the strata appear to be in sedimentary contact with any 
rocks younger than pre-Cambrian. So far as field evidence is available, therefore, 
the breccia and related rocks may be of any age from pre-Cambrian to Tertiary. 
However, the Paleozoic and the Mesozoic eras can be excluded as probabilities. 
The systems belonging in those eras have been studied in a wide region, from the 
Colorado Plateau westward, and each formation involved reflects rather uniform 
conditions of sedimentation over a considerable area. No other known formation 
in any of these systems contains a succession of strata resembling that just 
described. It can be stated with some assurance, therefore, that the age of these 
rocks is either late pre-Cambrian or Tertiary. 

During the Tertiary the region experienced violent disturbances, and many thick 
deposits, with restricted distribution and local peculiarities, were formed. It is 
altogether possible that the varied Boulder Wash deposits developed in one of the 
Tertiary epochs. However, none of the Tertiary formations known to the writer 
in the surrounding region contains a thick section of strata that has the uniformly 
complete induration exhibited by the Boulder Wash section. Individual strata or 
members of the known Tertiary formations are firmly cemented; but even the 
oldest of these formations contains a large proportion of poorly consolidated 
sediments. Therefore, the Boulder Wash strata “look older” than the Tertiary 
rocks of the region, and, for the present, the writer considers it possible that they 
are of late pre-Cambrian age, perhaps equivalent to part of the Grand Canyon 
series.* 

PALEOZOIC ROCKS 


Paleozoic formations underlie the western part of the Colorado Plateau, 
and the cliffs near the mouth of the Grand Canyon expose a section rang- 
ing in age from Cambrian to late Paleozoic (PI. 5, fig. 2). The Permian 
Supai and Kaibab formations form buttes and mesas several miles to the 
north, but have been stripped away near the canyon. On the east flank 
of the Virgin Mountains and in the Grand Wash trough the complete sec- 
tion, including the Kaibab limestone, is exposed in highly tilted fault 


1%. F. Noble: op. cit., p. 37-60. 
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blocks. The lower part of the Paleozoic section appears in the high ridge 
east of Virgin Canyon, near Hualpai Wash. A fault block south of the 
river, about 2 miles below the head of Boulder Canyon, is formed chiefly 
of Cambrian sandstone, shale, and limestone. No other Paleozoic rocks 
were found within the area of the present study. 

The section in the lower Grand Canyon has been examined in a cur- 
sory way by several. geologists; but, to the knowledge of the writer, no 
careful study of formations in that area has ever been made. Gilbert 
measured the section by barometer, making large subdivisions according 
to general lithology; and both he and Marvine attempted rough correla- 
tions of the larger units with those recognized in the Grand Canyon 
much farther east.1* Later reconnaissance reports appear to accept these 
lithologic correlations, with little further basis in careful field study of 
physical and fossil evidence. | 

The lowest unit in the section is a gray and brownish siliceous sand- 
stone that has generally been correlated with the Tapeats sandstone, as 
described by Noble.** This sandstone grades upward into sandy shale, 
prevailingly green and greenish-gray but with some chocolate-brown mem- 
bers, which has strong similarities to the Bright Angel shale; and the 
shale, in turn, grades into mottled limestone that in lithology answers the 
description of the Muav limestone. Inasmuch as the individual units 
and the order of succession agree so closely in the two parts of the canyon, 
it is not strange that geologists engaged in reconnaissance have assumed 
nearly exact correlation on the basis of lithology. 

It would be desirable to study exhaustively the lower part of the sec- 
tion at the mouth of the canyon before it is hidden by the rising water 
in the reservoir. However, the complete section, tilted and beveled con- 
veniently, will remain uncovered only a few miles to the west. In the 
present study, there was opportunity for only general examination and 
measurement of the lower formations in the canyon, as follows: 


Unit Feet 
12. Thick succession of limestone and dolomite in canyon walls. 
11. Dark-gray limestone, mottled with yellowish irregular lines 
and spots. Thin lamination shows on weathered edges. 
Thickness at least 150 feet. Thin layers and partings of 
green shale in lower 20 feet. Abundant concentric patterns, 
suggesting algae, half an inch, or less, in diameter, in lower 
limestone layers. Fragments of trilobites in some layers. 

9. Thin-bedded limestone, weathering rusty brown.............. 15 


1%4G. M. Wheeler: Annual report upon the geographical explorations and surveys west of the one 
hundredth meridian, vol. 3 (1875) p. 162-163; fig. 82. 

13, F. Noble: A section of the Paleozoic formations of the Grand Canyon at the Bass Trail, U. 8. 
Geol. Surv., Prof. Pap. 131-B (1922) p. 36-39. 
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Unit Feet 
8. Greenish fine-grained sandstone with calcareous cement....... 25 
7. Brownish-gray sandy dolomite, weathering rusty brown...... 30 
6. Greenish micaceous sandy shale, with scattered thin sandstone 

5. Chocolate-brown micaceous shaly sandstone, grading upward 

4. Green micaceous sandy shale.................cceeceeeeeeeees 90 
8. Chocolate-brown platy sandstone 15 
2. Alternation of gray sandstone in thin layers, and greenish 


1. Gray and brownish sandstone in thick beds. Medium to coarse 
grain, with scattered quartz pebbles size of pea to one inch 
in diameter, especially in lower beds. Some partings of 
chocolate-brown platy shale in upper portion. Cross-bedding 


On the east flank of the Virgin Mountains and in the ridge east of 
Hualpai Wash the same general section is exposed, although there is some 
variation in individual members. In Iceberg Canyon the sandstone at 
the base is 130 feet thick, and the shale above is, for the most part, con- 
cealed by the river, which there follows the strike of these weak beds. 
East of Hualpai Wash, a considerable proportion of the green shale is 
replaced by brown shale and platy sandstone. In all sections, the lime- 
stone above the shale has the same peculiar mottling, and contains abun- 
dant algal-like forms near the base. Everywhere, the contact between 
the Paleozoic section and the pre-Cambrian rocks is a nearly plane sur- 
face. There is no true conglomerate at the base; the lowest beds contain 
only small scattered pebbles. 

Between the mottled Cambrian limestone and the limestones of known 
Mississippian age lie more than 1000 feet of carbonate beds, in part dolo- 
mite, from which no fossils have been reported. Possibly, this part of 
the section contains units of Ordovician, Silurian, and Devonian age, for 
strata of these systems are recognized not far to the west, in southern 
Nevada. No attempt was made to delimit precisely the Mississippian 
part of the section; but Spirifers of Mississippian age range through at 
least 600 feet of thick-bedded limestones that are generally like the Red- 
wall limestone in the canyon farther east (Pl. 7, fig. 1). This name is 
used for the formation in this report, although the lithology of the beds 
is, in some respects, different from that at the type section of the Redwall. 
As exposed in the walls of Iceberg Canyon, 200 or 300 feet of the Missis- 
sippian section contains abundant lenses of chert, which make the mas- 
sive limestone appear thin-bedded; this part of the formation is similar 
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to part of the Monte Cristo formation in southern Nevada.’* In general, 
the bedding is better defined than in the typical Redwall. 

Several hundred feet of alternating limestone and sandstone beds over- 
lie the Mississippian limestone. Individual layers are a few feet thick at 
most, and, in comparison with the Redwall, this higher part of the sec- 
tion is thin-bedded (PI. 7, fig. 2). The sandstone is fine-grained, firmly 
cemented, and in regular beds that superficially resemble the gray lime- 
stone. Near the top of the section, some of the sandstone beds are reddish 
or reddish-brown. The proportion of sandstone to limestone increases 
upward. From this series of beds, near the top of the lower Grand Wash 
Cliff, the writer in 1919 collected fossils that were identified as “probably 
Pennsylvanian.” ** There were only a few forms in the collection, and, 
as none of these is safely diagnostic, possibly the upper part of the lime- 
stone-sandstone sequence is even younger than Pennsylvanian.’* In this 
report the sequence is referred to the Pennsylvanian, with a query. 

The strata, just described, are resistant, and form steep canyon walls 
along the river; this is particularly true of the upper part of the section, 
in which there are numerous hard sandstone layers, some of them near 
quartzite. Directly above is the much weaker Supai formation, consisting 
chiefly of brick-red sandstone, with red shale and even some reddish 
limestone beds; the total thickness is about 1200 feet. Where the Colo- 
rado crosses the tilted Paleozoic strata, all the formations tend to stand 
in steep canyon walls, except the Supai, which yields, to cause local widen- 
ing of the valley. Small tributaries enter the Colorado along the strike 
of the Supai beds. 

Typical Coconino sandstone, gray, thick-bedded, with large-scale cross- 
bedding, separates the red Supai strata from the Kaibab limestone. About 
2 miles downstream from the mouth of Grand Wash, the Coconino, dip- 
ping steeply eastward in the fault block south of the river, is 65 feet 
thick. In the block east of the Grand Wash, the formation has the same 
appearance and nearly the same thickness.’® 

The Kaibab limestone in the Upper Grand Wash Cliff and near the 
mouth of Grand Wash was measured and described in 1928 by the writer.”° 
It is a unit easily recognized by its peculiar lithology as well as by its 
characteristic fauna. All of the sections seen in the area are incomplete 
from erosion. The gypseous upper “Bellerophon” member present in 


18D. F. Hewett: Geology and ore deposits of the Goodsprings quadrangle, Nevada, U. S. Geol. 
Surv., Prof. Pap. 162 (1931) p. 17-19. 

170, R. Longwell: Geology of the Muddy Mountains, Nevada, with a section through the Virgin 
Range to the Grand Wash Cliffs, Arizona, U. S. Geol. Surv., Bull. 798 (1928) p. 33. 

38 Fusulines found in limestones well below typical red Supai sandstone in southern Nevada sug- 
gest Permian age. The evidence is to be presented by C. O. Dunbar and the writer. 

2 C. R. Longwell: op. cit., p. 37, 43. 

Op. cit., p. 38-43. 
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southwestern Utah * and in southern Nevada ** was not found in any 
of the sections. 

Detailed study of the Paleozoic section is needed in this area, which 
lies in a critical position, near the eastern margin of the geosyncline 
represented by extremely thick formations in southern Nevada. 


MESOZOIC ROCKS 


Triassic and Jurassic formations that are widespread in the Colorado 
Plateau are recognized in the Grand Wash, the Virgin Mountains, and 
the Muddy Mountains.” W. W. Rubey and Eugene Callaghan found 
Cretaceous plant remains south of the Muddy Valley, in clays previously 
supposed to be of Tertiary age.** None of these Mesozoic strata were 
found within the area of the present study, although undoubtedly some, 
and possibly all, of the formations once extended over the area. 

Some of the volcanic and related rocks, hereinafter described, may be 
of late Mesozoic age; but, as they are more probably Tertiary, they are 
treated with the formations of that system. 


TERTIARY ROCKS 


A large part of the reservoir floor is on bedrock of Tertiary, and probable 
Tertiary, age. Each of the formations referred to this system is highly 
varied in lithology and in thickness, and, thus, contrasts strongly with 
the Paleozoic marine formations. The Tertiary sedimentary deposits ex- 
hibit abrupt lateral and vertical gradations from coarse to fine debris, 
and include large quantities of salt, gypsum, limestone, and other mate- 
rials precipitated from solution. Lava flows, voleanic breccia, and ash 
are interbedded with the sediments, and locally form thick continuous sec- 
tions. All the evidence indicates accumulation in interior basins, bounded 
in part by steep mountain slopes, with accompanying widespread volcanic 
activity, both quiet and explosive. 

Definite evidence by which to date most of the formations has not been 
found. Many of the igneous rocks are not in critical relation to sedimen- 
tary beds of known age; much of the sedimentary material, ranging from 
extremely coarse fanglomerate to bedded deposits of gypsum and other 
salines, is not favorable for the preservation of fossils, and probably re- 
flects conditions unfavorable to abundant life. The geologic history of 
the surrounding region has served as a guide in assigning some units to a 


21 J. B. Reeside, Jr., and Harvey Bassler: Stratigraphic sections in southwestern Utah and north- 
western Arizona, U. S. Geol. Surv., Prof. Pap. 192-D (1922) p. 58-59. 

22C. R. Longwell: The pre-Triassic unconformity in southern Nevada, Am. Jour. Sci., 5th ser., vol. 
10 (1925) p. 99. 

2%C, R. Longwell: Geology of the Muddy Mountains, Nevada, with a section through the Virgin 
Range to the Grand Wash Cliffs, Arizona, U. S. Geol. Surv., Bull. 798 (1928) p. 43-68. 

%R. W. Brown: Field identification of the fossil ferns called Tempskya, Wash. Acad. Sci., Jour., 
vol. 26, no. 2 (1936) p. 47. 
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tentative place in the time scale. By continuous tracing, it was possible 
to observe lateral gradations between deposits of widely different char- 
acter, and, thus, to determine approximate correlations. However, some 
of the units have defied all attempts to date them, or even to correlate 
them with other rocks of unknown age elsewhere in the area. Every 
effort was made to learn the relation between rocks that will be hidden by 
water and those at a higher level, in which critical evidence of age may 
be found by further study. 

Formations here assigned, either definitely or tentatively, to the Ter- 
tiary fall into two general groups. Those in the first division are older 
than supposed Pliocene deposits, and are here classed as pre-Pliocene 
Tertiary(?) rocks, with the understanding that some of them may belong 
to early Pliocene time, whereas others may actually be pre-Tertiary. The 
second division includes deposits of supposed Pliocene age. 


PRE-PLIOCENE TERTIARY (?) ROCKS 


Strata in Grand Wash trough.—About 4 miles northwest, and down- 
stream, from the mouth of the Grand Canyon, near the east base of the 
tilted fault block made of Paleozoic strata (Tassai Ridge), beds of coarse 
breccia lie directly above the Kaibab limestone. In 1934, the best expo- 
sure of the breccia was on the north side of the river, near the stream 
level. At that point, the Kaibab is almost cut through by pre-breccia 
erosion, and the lower part of the breccia contains angular blocks of 
Kaibab limestone up to 10 feet in length. The size of fragments decreases 
upward, and individual layers, which are thick and poorly defined near 
the base of the deposit, are thinner and more regular in the higher part 
of the section. A reddish sandy matrix, well cemented with calcium car- 
bonate, makes the breccia firm and resistant. Only 150 feet of the strata 
are exposed, where the river has cut through overlying Pliocene(?) 
deposits. 

The most striking feature of the breccia is its eastward dip of 30 de- 
grees, parallel to the underlying Kaibab (PI. 21, sect. T-T’). The Plio- 
cene(?) beds above are nearly horizontal. Apparently, Lee correlated the 
tilted strata with his Greggs breccia, and the younger deposits with the 
“Temple Bar conglomerste,” which he supposed to be Quaternary in age.?° 
It seems certain, however, that the deposits referred to as Pliocene(?) 
are part of Lee’s Greggs breccia, and the tilted strata are definitely older. 

Several miles north of the river, Tassai Wash, a northeast tributary of 
Grand Wash, cuts a prominent gap through Tassai Ridge. East of the 
gap, the wash exposes several hundred feet of strata that dip eastward, in 
structural conformity with the Kaibab. The writer saw this section briefly 


2% W. T. Lee: Geologic reconnaissance of a part of western Arizona, U. S. Geol. Surv., Bull. 352 
(1908) p. 32. 
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some years ago, and mapped it as part of the Lower Triassic Moenkopi 
formation,”® because of its structural relation to the Kaibab. However, 
the strata do not resemble any part of the Moenkopi in details of lithology, 
and they have failed to yield any of the marine fossils that are so abun- 
dant in the lower Moenkopi beds. Probably, the lower part of the sec- 
tion in Tassai Wash corresponds to the breccia exposed by the river sev- 
eral miles directly south. As the entire assemblage of beds (called in this 
report the Tassai Wash group) is strikingly different from any Mesozoic 
formation known in the region, the writer considers it probably Tertiary, 
formed before Pliocene time and before any considerable faulting oc- 
curred at the western edge of the Colorado Plateau. 
The section exposed in Tassai Wash is as follows: 
Unit Feet 
4. Limestone and sandstone with calcareous cement, in layers 
3 to 10 feet thick. Fine-grained, and compact except for 
numerous small cavities, some of the tubes resembling 
molds of small plant stems. Many of the limestone layers 


3. Limestone and sandstone like that of Unit 4, interbedded with 

2. Buff siltstone, weathering to earthy incoherent silt........... 50+ 


1. Coarse limestone breccia, firmly cemented, with reddish sandy 
matrix. Limestone and chert fragments, apparently all 
derived from underlying Kaibab limestone. Fragments 
range in size up to 30 inches long. Fairly regular bedding.. 60 

Contact with Kaibab is an irregular surface of erosion. Kaibab 
and younger strata strike N 20° E, dip 30°-35° eastward. 


On either side of the wash the tilted and bevelled strata are hidden by 
coarse deposits, probably of Pliocene age. These younger beds are in- 
clined slightly to the east, and, a few hundred feet east of the gap, they 
are at the wash level, concealing higher beds in the older series. 

The section in Tassai Wash is above the high-water level of the reser- 
voir, and, therefore, is available for further study. It may furnish im- 
portant information bearing on the earlier Tertiary history of the region. 


Rocks of Boulder Canyon.—The tilted section of sedimentary and igne- 
ous rocks north of Boulder Canyon, and directly west of Boulder Wash, 
discussed on pages 1407-1409 as possibly of late pre-Cambrian age, must 
also be considered as possibly Tertiary. The rusty dolomite at the base 
of the section may prove to be much older than the overlying breccia 
and related strata. 

Nearly 2 miles downstream from the head of Boulder Canyon, an im- 
portant north-south fault drops a large block, composed chiefly of igneous 


23C, R. Longwell: Geology of the Muddy Mountains, Nevada, U. S. Geol. Surv., Bull. 798 (1928) 
i. 
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rocks, against the tilted section and the underlying pre-Cambrian granitic 
rocks (PI. 2, sect. F-F’; Pl. 21). North of the river, the downthrown block 
is entirely of fine-grained porphyritic rocks, ranging in composition from 
biotite andesite to rhyolite. The canyon walls, especially north of the 
river, furnish an excellent section of the block, and reveal a regular sheeted 
structure, with a steep dip to the west. Superficially, the section suggests 
a thick succession of lava flows; but closer study shows that most of the 
sheets are sills, ranging in thickness from 10 feet to hundreds of feet. A 
few of the tabular bodies that contain quartz amygdules probably orig- 
inated as flows; but many show chilled borders at both top and bottom 
and, clearly, were intruded as a succession of sills, probably numbering 
several hundreds. At the base of the series, adjacent to the fault, a body 
of pinkish-gray dacite porphyry, at least 1000 feet thick, is probably a 
sill, also, as it has a nearly plane upper surface. Near the river level, this 
intrusive mass contains, as xenoliths, large blocks of crystalline dolomite 
and of thin-bedded ripple-marked sandstone closely similar to that in 
the tilted section east of the fault. South of the river, large bodies of this 
sandstone, with the beds greatly contorted, are engulfed in the dacite. 
Sills and irregular bodies of similar porphyry are intruded into Cambrian 
sandstone, shale, and limestone that form part of the complex fault block. 

The north wall of the canyon is entirely of the porphyry sheets, through a distance 
of three miles west of the fault zone. Near the sharp bend of the river toward 
the northwest, another north-south fault, dipping eastward, drops the porphyry 
against the pre-Cambrian area in the lower part of the canyon. Thus, the por- 
phyry occupies a graben, between horsts of pre-Cambrian rocks (PI. 2, sect. F-F’). 
South of the river, the porphyry is concealed, in part, by several hundred feet of 
water-laid breccia, the fragments in which consist almost entirely of fine-grained 
igneous rocks. Tributary canyons entering from the south reveal a complex network 
of igneous bodies, some of coarse-grained diorite and similar rocks, intruded into 
the porphyry sheets. 

Microscopic examination of the freshest specimens of porphyry obtainable north 
of the river reveals considerable hydrothermal alteration. The degree of alteration 
increases north and northwest, and in a wide belt, trending northeastward, all the 
rocks are so completely changed that they are eroded into badlands resembling 
clay hills. Pre-Cambrian rocks north of the river in the lower part of the canyon, 
as well as the porphyries in the graben block, are involved in this alteration. Ordi- 
narily, the original form of each rock unit is discernible; but the rocks have been 
intensely shattered, and so softened by alteration that they crumble easily to an 
incoherent mass. The altered rocks are highly colored, with many hues irregularly 
blended. Local mineralization has attracted prospectors to the belt. 


The only direct evidence bearing on the age of these porphyries indi- 
cates merely a post-Cambrian date. Suggestion that they were formed in 
Tertiary time has no basis beyond the known fact that similar igneous 
rocks of Tertiary age are widespread in the Basin and Range province, 
whereas no such rocks are known in any of the Paleozoic and Mesozoic 
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systems of the region. The thick water-laid breccia south of the river is 
a typical, coarse, basin deposit, highly suggestive of Pliocene(?) deposits 
widespread in the reservoir area. This breccia is unconformable on the 
porphyries. Even if this uncertain fixing of an upper time limit is re- 
jected, the same general result is obtained by considering the igneous 
rocks of Pliocene(?) age in the immediate region, which, as is shown in a 
later section of the report, are very different from the porphyry series of 
Boulder Canyon. The best reasoning possible at present, therefore, makes 
the porphyries probably Tertiary, and earlier than Pliocene. 


Rocks of Black Canyon and Callville Basin.—The upper part of Black 
Canyon has been cut into a complex assemblage of andesitic lava flows, 
voleanic breccias, and related deposits, with numerous intrusive masses. 
Ransome, in the report giving results of his field studies around the dam- 
site, referred to this complicated series as the Black Canyon group. Sim- 
ilar rocks form isolated hills and ridges in the basin north of the canyon, 
and at least a part of the rocky range bounding the basin on the west. 

Voleanic breccias, of brownish andesite fragments cemented into a firm, 
tough rock, form an important part of the canyon walls at the damsite. 
As Ransome has pointed out, there are both flow-breccias and tuff- 
breccias, the latter reworked to some extent by running water. Numer- 
ous lava flows, also chiefly of brown andesite, are intercalated with the 
breccias and tuffaceous sandstone layers, to make a thick series, tilted 
northeastward (P].10). Near the dam, layers exposed in the canyon walls 
dip 60 degrees, or more. In the higher part of the series, near the head of 
the canyon, the average dip is 30 to 35 degrees. As Ransome suggests, 
this marked change in inclination indicates progressive tilting as the vol- 
canic rocks accumulated. Numerous irregular faults that offset layers in 
the canyon walls probably were caused by strains set up while the tilting 
was in progress. 

Rocks of dioritic composition are intrusive into the lower part of the 
lava-breccia series, in the form of dikes, sills, and irregular masses. Some 
of these intrusive bodies are unconformable below lava flows in the upper 
part of the section, showing that considerable time elapsed between epi- 
sodes of voleanism. Later dikes and irregular bodies of basaltic rock cut 
even the youngest rocks in the Black Canyon group. At least a part of 
these later intrusive bodies may be related to thick basalt flows in the 
Pliocene(?) section of Callville Basin. 

A belt of intense alteration extends generally east-west, directly north of Black 
Canyon (PI. 2). Some of the rocks that have escaped complete change can be 
identified as diorites and andesite porphyries, doubtless part of the Black Canyon 


igneous complex. Other types of rock are also involved. Directly west of Fortifica- 
tion Hill, and near the river level, there are silicified limestone and sheared quartzite 
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beds of unknown age, in the midst of an intensely altered zone, characterized by 
an abundance of epidote and some specular hematite. A principal center of hydro- 
thermal action appears to have been in the vicinity of Fortification Hill, as all the 
pre-Pliocene(?) rocks exposed on the west and south slopes of the hill have been 
changed to a highly colored, nearly incoherent mass, which has been dissected into 
rugged badlands (Pl. 1). This area of varicolored hills is known locally as the 
“painted desert.” 

Widespread peculiar alteration of pre-Cambrian granitic rocks, east and northeast 
of Fortification Hill, probably reflects the same general center of hydrothermal 
action. Almost complete sericitization and kaolinization of the feldspars give the 
rock a bleached appearance. All faces of closely spaced joints are covered with a 
blue coating, made of a finely fibrous mineral, probably an amphibole. Joint blocks 
of this description are abundant in the Pliocene(?) breccia under the lava cap 
of Fortification Hill. All the washes that drain the slope of the Black Mountains 
east of the hill have many of the blue-coated fragments, even several miles from 
any possible bedrock source. ! 

West of the Colorado River, the zone of alteration extends up Hemenway Wash. 
Isolated knobs of rock, projecting through the wash debris, are colored and decom- 
posed, but are more coherent than the rocks in the “painted desert” east of the 
river. The same type of alteration is evident in the large isolated hill north of 
the wash, and along the south side of the wash as far as Boulder City. Highly 
colored igneous rocks northwest of the city probably are in the same belt. 

The high range extending northwest from Hemenway Wash was examined only 
at a few places along the east base, where the rocks are andesite flows and breccias 
similar to those near Black Canyon. Similar rocks appear to make up the greater 
part of the range. 

At the north end of Saddle Ridge, a thick section of volcanic rocks, dipping 
steeply northward, lies unconformably above the pre-Cambrian (Pls. 2, 21). The 
lowest flows covered an old hill-and-valley topography of moderate relief. Flows 
of brownish andesite, ranging in thickness from a few feet to more than 200 feet, 
lie one above another, with a total thickness of nearly 2000 feet. The upper part 
of each flow is vesicular and somewhat slaggy. Near the top of the series is a 
conspicuous green tuff-breccia, 100 to 200 feet thick, made chiefly of fine ash but 
containing numerous angular fragments of andesite. At Las Vegas Wash, the vol- 
canic rocks are succeeded in the section by a great thickness of water-laid breccia, 
in which all the fragments are derived from fine-grained igneous rocks similar 
to the andesites beneath. The contact is a somewhat irregular surface of erosion, 
but there is no angular unconformity. Bedding in the breccia is clearly defined 
and fairly regular. Fragments range in size up to several inches in length, but 
most of them average only two or three inches long. The sandy matrix is moderately 
well cemented with calcium carbonate. Several hundred feet above the base, there 
are numerous layers and lenses of sandstone; but the general character of the breccia 
is remarkably uniform throughout the entire exposed thickness of 3500 feet. North 
of Las Vegas Wash, the tilted section is hidden by overlapping Pliocene(?) deposits 
and later gravels. 

The volcanic rocks and breccia together make a section considerably more than 
5000 feet thick, tilted steeply to the north and northeast. At Las Vegas Wash, the 
dip averages 60 degrees (Pl. 2, sect. C-C’). Petrographically, the rocks are similar 
to those near Boulder Dam, and they are here considered a part of the Black Canyon 


group. 
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General arguments given for a probable Tertiary age of the igneous 
rocks in Boulder Canyon apply also to the Black Canyon group. The lat- 
ter rocks seem to be definitely pre-Pliocene, as there is strong angular 
unconformity between them and the Muddy Creek formation. 


ROCKS OF PLIOCENE (?) AGE 


General statement.—In areas adjacent to the Muddy and the Virgin 
ranges, the writer studied a thick series of intermontane deposits that 
grade from rather coarse breccias, near steep mountain fronts, to silts and 
clays containing salines, in the wide basins.?7 Stock called the deposits 
the Muddy Creek formation, and found in it mammalian fossils that he 
considered somewhat older than a Pliocene fauna discovered in basin de- 
posits near Panaca.** No other fossils have been reported from the 
Muddy Creek formation, and, therefore, it has not been feasible to cor- 
relate widely separated areas by paleontologic evidence. However, the 
deposits can be directly traced far down the Virgin River and a large part 
of the distance around the Muddy Mountains. Locally, the strata have 
been considerably disturbed by faulting and folding. In numerous places, 
they are exposed in angular unconformity with the highly deformed Horse 
Spring formation, which has been correlated, largely on the ground of 
peculiar lithology, with late Miocene basin deposits in eastern Califor- 
nia.” The argument for the age of the Muddy Creek formation, there- 
fore, is as follows: Stock’s fossil evidence indicates that it is somewhat 
older than the Panaca deposits of known Pliocene date. The formation 
is definitely younger than the Horse Spring formation, which is believed 
to be late Miocene. At present, therefore, the Muddy Creek deposits are 
referred, with a query, to the early part of the Pliocene epoch. 

Other intermont basins in the region contain closely similar deposits 
that have been tentatively correlated with the Muddy Creek formation. 
Thus, the Grand Wash trough, directly east of the Muddy Valley, is 
floored with breccias, siltstones, and gypseous clays that look identical with 
Muddy Creek deposits in the Virgin Valley, lie at essentially the same 
elevation, and have similar relations to the Horse Spring and older rocks. 
Deposits of the same kind lie in the basin occupied by California Wash, 
west of the Muddy Mountains; superficial examination indicates that they 
are continuous with the deposits in Muddy Valley, but this relationship 
has not been definitely established by detailed field study. South and 


27C, R. Longwell: Geology of the Muddy Mountains, Nevada, U. S. Geol. Surv., Bull. 798 (1928) 
p. 90-96. 

%C. Stock: Later Cenozoic mammalian remains from the Meadow Valley region, southeastern 
Nevada [abstract], Geol. Soc. Am., Bull., vol. 32 (1921) p. 146; Am. Jour. Sci., 5th ser., vol. 2 (1921) 
p. 250-264. Stock used the terms ‘‘Muddy Creek beds’’ and ‘‘Muddy Valley beds.’’ However, the 
series of deposits has formation value, and the present writer has referred to it in publications as 
the Muddy Creek formation. 

2 C. R. Longwell: op. cit., p. 89-90. 
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southwest of the Muddy Mountains, the bevelled Horse Spring section, 
which is there particularly thick, varied, and deformed, is overlain by 
basin deposits that have all the characteristics of the typical Muddy Creek 
formation. These deposits extend southward to form an important part 
of the floor of Callville Basin. 

Thus, the uncertainty of the correlation from one basin to another, of 
what is here regarded as probably Pliocene deposits, will be appreciated. 
At the same time, the writer, after tracing these deposits in the several 
basins, studying their peculiarities, and interpreting the conditions of 
their origin, has a strong conviction that they are essentially contempora- 
neous in the Grand Wash trough, the Virgin-Detrital trough, and the 
Callville Basin. Further reasons for this conviction will be presented in 
describing the sediments. 


Callville Basin—The wide area drained by Las Vegas Wash (PI. 2) is underlain 
chiefly by yellowish siltstones and clays, locally interbedded with an abundance of 
gypsum. These deposits are well stratified (Pl. 9, fig. 2), and in large part, thin- 
bedded. Numerous layers of whitish volcanic ash are included, and many sandy 
beds contain considerable volcanic debris. Basaltic flows are included at several 
horizons in the section. As the formation is traced toward high ridges of older 
rocks northeast and southwest of the area, coarse clastic material increases in 
amount. Adjacent to the highlands, the formation consists largely of breccia, made 
of fragments derived from the local rocks. Near the southwest base of the Muddy 
Mountains, the deposits are separated from the Miocene(?) Horse Spring strata 
by a strong angular unconformity. 

The north branch of Las Vegas Wash cuts a deep trench into the weak formation 
and makes excellent exposures. Normally, the strata are inclined gently toward 
the middle of the basin; but, locally, they dip 30 degrees, or more. Local angular 
unconformities suggest considerable deformation while the deposits were accumu- 
lating. The lower part of the wash exposes beds of nearly pure gypsum, some 
of them 10 to 25 feet thick, which now dip 15 degrees northeastward. Toward the 
southwest, these beds wedge out and are replaced by layers of clay and silt, which, 
in turn, grade rapidly into breccias made of fragments derived from the older 
Tertiary(?) voleanic rocks in the nearby hills. A complete lateral gradation from 
thick gypsum beds into breccia takes place within less than a mile. 

Adjacent to Saddle Ridge (Pl. 2) the strata consist largely of well-indurated 
siltstone and breccia, ranging in color from buff-yellow to orange. Along the 
Colorado River, more recent sediments hide the formation over considerable areas. 
South and east of the river, a significant section is exposed on the flanks of Forti- 
fication Hill. Under the thick cap of basaltic lavas lie coarse fanglomerates, hundreds 
of feet thick (PI. 2, sect. A-A’, B-B’). Toward the north and northwest, these 
deposits grade into yellowish siltstone and gypseous clay. The fanglomerate, which 
is weakly cemented, apparently lies with its original depositional dip of a few 
degrees toward the west-northwest. As usual in fan sections, the bedding is irregular, 
and the coarseness of sediments varies greatly. Obviously, most of the debris came 
from the pre-Cambrian granitic mass directly east of Fortification Hill, which 
presented a steep slope to the west. The thick section of fan breccia exposed 
on the north and south sides of Fortification Hill thins out abruptly to the east, 
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and on the east side the lava cap rests directly on the granite (Pl. 2, sect. A-A’, 
B-B’). North of the hill, away from the protective cap, the weak breccia has been 
eroded away, exposing the steep granite scarp (Pl. 1). Between Fortification Hill 
and the mouth of Boulder Canyon the breccia is in fault contact with the pre- 
Cambrian; but there is no direct evidence of recent movement, and at least the 
lower part of the scarp has been exhumed by removal of the breccia on the 
downthrow side. 

The lava flows of Fortification Hill dip gently, and almost uniformly, north- 
westward. There are about 50 superposed flows, ranging in thickness from 3 or 4 
feet to 25 feet; the average is about 10 feet. Several layers of dark-brown slaggy 
tuff are interbedded. The basal flow is essentially conformable with the breccia 
beneath; locally, the lenticular strata wedge out against the contact, but the 
conformity is as perfect as can be expected at the base of volcanic material 
spread on a piedmont slope. The remarkably plane contact indicates that the lava 
poured over a surface made by aggradation and not by erosion. 

Northwest of Fortification Hill is a northeast-trending fault, with upthrow on 
the southeast side (Pls. 2, 21). In the depressed block northwest of the fault, a 
thick series of basaltic lavas, lying on breccia, silt, and gypsum, dips steeply under 
the river plain. There is no reasonable doubt that, before faulting occurred, these 
tilted flows were continuous with those capping Fortification Hill; they are closely 
similar olivine basalts, in thin vesicular flows, with a few intercalated layers of 
brown slaggy tuff. At the most northerly exposure of the contact, the flows lie 
on bedded white gypsum, which grades laterally, toward the southeast, into yellow 
and cream-colored siltstones and breccias. The tilted lava cap of Fortification Rock, 
lying on similar siltstone and breccia, continues the strike and dip west of the 
river (Pl. 1). Two miles to the northwest, north of Las Vegas Wash, closely 
similar basaltic flows included in the Pliocene(?) section dip eastward under the 
Colorado River deposits, on the east side of a plunging anticline (Pl. 2, sect. B-B’). 
There is strong probability that these, also, are a continuation of the Fortification 
Hill flows, reduced in total thickness at this greater distance from the source, which 
appears to have been somewhere southeast of Fortification Hill. 

The base of the breccia on the southwest side of Fortification Hill rests on an 
irregular surface of the altered porphyries; at the contact, there is local relief 
of 100 to 200 feet. Fragments are small, and consist almost entirely of the altered 
porphyry below. Fine decomposed material from the same source forms the matrix, 
which is firmly cemented. About 100 feet above the average base, is an abrupt 
layer of large granite fragments. This layer is 50 to 75 feet thick, and many of 
the fragments have joint faces with the blue coating characteristic of the pre- 
Cambrian granite east of the hill. The abrupt influx of coarse material from that 
source may mark one of the movements on the fault at the west base of the Black 
Mountain block. 

Higher in the section, layers of coarse and finer fragments alternate irregularly. 
Large blocks have the pell-mell arrangement suggestive of deposition by torrents, 
and perhaps by mudflows in a large fan. Much of the smaller debris has rather 
thin, regular stratification, and the arrangement of particles is similar to that in the 
modern washes. Rapid lateral gradation to finer-grained sediments is clear in sec- 
tions along deeply incised valleys running north and northwest. In the depressed 
fault block east of the river from Fortification Rock, the rapid gradation from 
southeast to northwest is particularly well exhibited. Within half a mile, fairly 
coarse breccia grades through siltstone into nearly pure gypsum. 
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About 2 miles north of the river, and east of Callville Wash, dissection of an 
elongate dome exposes a thick section of unusual deposits. Beds of gypsum alter- 
nate with colored clay and siltstone. A snow-white member, 150 feet thick, has 
almost the theoretical composition of dolomite.” This material slakes, under 
weathering, to a soft, clay-like mass (PI. 8, fig. 1), although the fresh rock is firm 
and brittle, and has thin, regular bedding. At the top of the member, a flow of 
basalt with pillow structure has an irregular contact on badly disturbed layers, 
as if the lava advanced over the soft, incoherent sediments, perhaps under water. 
Near the top of the section, other flows are interbedded with gypsum and shale 
(Pl. 8, fig. 2). The source of the flows was to the east, where a thick pile of 
volcanic rocks forms the northwestern part of the Black Mountains (Pl. 2). A 
similar sedimentary section, containing abundant gypsum, lies west of Callville 
Wash, and can be traced westward into the siltstone-gypsum series along Las Vegas 
Wash. In the east branch of Callville Wash, this group of gypseous beds is 
strongly unconformable on the Horse Spring Miocene(?) strata. Near Callville 
Wash, the strata are more highly deformed than in any other part of Callville 
Basin. Dips of 30 to 60 degrees are common, especially along the east branch 
of the wash. 


General conditions of deposition are clearly recorded in the Pliocene(?) 
section of Callville Basin. There was a large inclosed basin, with adjoin- 
ing highlands corresponding generally to those that now exist. Active 
faulting was in progress along the west base of the Black Mountains, and 
fans of coarse debris accumulated against the scarp. Finer sediments were 
swept farther out, to build up floors of wide playas. Coarse deposits were 
also washed northeastward from the ridges south and west of Las Vegas 
Wash, and southwestward from the Muddy Mountains. In the lowest 
parts of the basin, saline lakes must have existed intermittently, for con- 
siderable intervals; on the floors were deposited gypsum and dolomite, in 
regular layers, with thin lamination. There were several centers of vol- 
canic activity; one of these was north of the present Boulder Canyon, an- 
other southeast of Fortification Hill. Numerous explosive eruptions 
formed widespread white and gray volcanic ash; much of this material 
was redeposited by water, and became buried as thin layers in the silts and 
clays of the basin. Basaltic and dark andesitic lavas spread widely, some 
of them interfingering with saline lake deposits. Highlands formed of 
voleanic rocks were, in turn, eroded to furnish coarse material for large 
fans. One such fan deposit, at least 100 feet thick and formed entirely 
of basalt and andesite boulders, was formed east of Callville Wash after 
the lake deposits and intercalated lavas had been considerably deformed. 


Virgin-Detrital trough—Typical Muddy Creek siltstones and clays, 
yellow, orange, and cream-colored, form continuous outcrops along the 
Virgin Valley, from St. Thomas to the mouth of Bitter Spring Wash. There 
are great thicknesses of silt and clay layers, in regular alternation, each 


3° As determined by the U. S. Geol. Survey [W. W. Rubey: personal communication (1934)]. 
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silt band separated sharply from the underlying clay, but grading into 
the clay above (PI. 9, fig. 2). Such a section probably records successive 
floodings of a playa, with nearly uniform conditions for a considerable time 
in the basin. Numerous layers of gypsum and gypseous clay characterize 
other parts of the section. Many gritty layers that look superficially like 
sandstone contain volcanic ash as an important constituent. 


Near the mouth of Bitter Spring Wash, highly tilted strata that include breccia, 
gray sandstone, and peculiar green volcanic tuff, in addition to clay and gypsum, 
were previously assigned to the Horse Spring formation, of Miocene(?) age™ On 
re-examination, however, these beds are found to be conformable with the overlying 
Muddy Creek deposits; the localized severe disturbance is related to thick bodies 
of rock salt, which appear to be responsible for several steep domes and anticlines 
in the Virgin Valley (p. 1468-1469). Accordingly, the entire conformable series, 
which also underlies the eastern part of the Bitter Spring Valley, is now believed 
to belong in the Muddy Creek formation. 

Below Bitter Spring Wash, the Virgin River enters a gorge cut into basaltic 
rocks, which interrupt the exposures of Muddy Creek strata near the stream (PI. 4). 
However, the basalt sheets are lavas that were erupted in the large volcanic 
center west of the river and were at least partially buried by Muddy Creek deposits, 
which are exposed farther east. South of the gorge, the typical gypseous clays 
and associated breccias are again widespread; west of the river, they can be traced 
continuously south of the volcanic hills, to the head of Boulder Canyon. It is 
clear that the Colorado, also, has cut its valley into the Muddy Creek strata, 
which underlie a wide area south of the river. 


The Muddy Creek section in the Virgin-Detrital trough contains vast 
quantities of saline materials. Several large outcrops of rock salt in the 
Virgin Valley have been previously described.**? These salt deposits are 
low in the section, and are brought to view only where they have been 
thickened and have domed the overlying beds, as discussed later. Five 
miles south of St. Thomas, west of the river, near the “Big Cliff salt”, a 
thick deposit of glauberite has been prospected. A large area on both sides 
of the Colorado, extending from Boulder Wash eastward beyond Detrital 
Wash, is underlain by an extraordinary thickness of gypsum and anhy- 
drite. On both sides of Detrital Wash, this material is in regular beds, 
inclined gently northward, with a total exposed thickness of 400 to 500 
feet. It was not practicable to determine the proportion of anhydrite; 
white gypsum is the material in evidence on all surfaces that have been 
exposed to the weather, but some of the layers recently laid bare in deep 
canyons are of gray anhydrite. Thin layers of gray and white volcanic 
ash, intercalated in the section, are exposed in the canyon walls. Several 
miles south of the Colorado, and east of Detrital Wash, the gypsum inter- 


31C, R. Longwell: Geology of the Muddy Mountains, Nevada, U. S. Geol. Surv., Bull. 798 (1928) 
pl. 1. 
82 Op. cit., p. 93-94. 
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fingers with, and grades into, yellow and cream-colored clay and silt. 
North of the river, the large thickness of gypsum extends west to the head 
of Boulder Canyon, where it is downfaulted against older rocks, and 
north, into the high area of volcanic rocks, where the white beds inter- 
finger with flows of basalt and dark andesite (Pl. 6). In that area, numer- 
ous lenses of manganese oxide, interbedded with the gypsum, have been 
extensively prospected. 

Basalt and dark andesite flows are interbedded with the gypsum and 
gypseous clays at several horizons east of Boulder Canyon (PI. 3). These 
lava sheets have been deformed and now dip in various directions (PI. 3, 
sect. J-J’) ; but they originated in the volcanic center at the northeast end 
of the Black Mountains. Some of the sheets consist of single flows; others 
are multiple. Nearly 3 miles southeast of Boulder Rapids, on the south 
side of the river, there are at least fifteen superposed flows of vesicular 
basalt, ranging in thickness from a few feet to 75 feet, making a multiple 
sheet about 400 feet thick (Pl. 2, sect. I-I’). At the bend of the 
river, this sheet lies above thick gypsum, and dips to the southwest under 
gypseous clays. Along the strike the sheet thins progressively to the 
northwest, individual flows wedging out and those that remain diminish- 
ing in thickness. The fine-grained sediments above and below the basalt 
grade along the strike into coarse breccia, which stands in a cliff facing 
northeast. In this cliff, only two of the fifteen flows continue to the north- 
west, and these wedge out in the breccia half a mile southeast of Boulder 
Rapids. The breccia, hundreds of feet thick and growing coarser west- 
ward, is faulted down against pre-Cambrian rocks at the east front of the 
Black Mountains (PI. 20, fig. 1). 


The breccia represents fans built at the base of a fault scarp while volcanism 
was active in the center north of the Colorado. Fragments in the breccia are 
derived chiefly from fine-grained igneous rocks, mixed with an assortment of pre- 
Cambrian types from the adjacent range. There are, also, slabs of the brown 
ripple-marked sandstone in the section west of Boulder Wash, and blocks of the 
characteristic rusty dolomite at the base of that section; some of the latter blocks 
near the fault are 5 to 10 feet long. North of the river, on the east side of 
Boulder Wash, a similar thick breccia, lying on gypsum, has fragments almost 
exclusively of the fine-grained igneous rocks. This distribution seems to indicate 
a high volcanic mass to the north, from which large volumes of debris were washed 
to the south and southwest, against the growing fault scarp. Coarse waste from the 
block west of the fault was carried southeastward, across the present head of 
Boulder Canyon, as attested by the charcteristic rock types in the breccia south 
of the river. All of the breccia has a firm cement of brown iron oxide. 

Volcanic activity continued in the center north of the river, with basaltic flows 
spreading widely southward over the basin deposits and thinning westward against 
the steep fan slope. Flows spread also east and north from this center. One sheet 
of vesicular basalt, thinning gradually northward, reached within 2 miles of St. 
Thomas, at least 12 miles from the source. All the flows appear to be basaltic, 
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although andesites are abundant in the older part of the volcanic complex. Besides 
the eruptive activity, there appears to have been strong uplift in the igneous mass 
west of the Virgin River, giving the older flows and breccias on the east flank 
of the range a steep eastward tilt. Vigorous erosion of this high mass built fans 
of coarse debris, now cemented into thick fanglomerate, which interfingers irregularly 
with the finer sediments along the Virgin River. 

One of the most striking features of the volcanic area is the interbedding of thick 
white gypsum deposits with the dark lava rocks, even in the central part of the 
range. This relationship suggests that volcanic activity began in the midst of the 
interior basin, where fine sediments and salines had been accumulating. Similar 
interbedding of basaltic lavas with gypsum and other chemical deposits occurred 
west of the Black Mountains, in the Callville Wash area (p. 1422). 


In the lower part of the Virgin Valley there is a somewhat confused 
assortment of deposits that reflect activity of different kinds east and 
west of the Pliocene(?) basin. Near the old Bonelli salt mine (Pl. 4) a 
thick landslide breccia contains large blocks of banded gneiss, granite, 
and other rock types peculiar to the southern Virgin Mountains. These 
blocks lie without arrangement in a fine-grained matrix that has no visible 
structure except sporadic indistinct banding that suggests a confused 
churning flow of the mass. Remnants of this breccia, some of them more 
than 100 feet thick, lie on clay and siltstone in which the layers, to a depth 
of 10 feet or more, are highly contorted and disrupted. The largest rem- 
nant of the breccia lies west of the river, overlapping coarse fanglomerate 
in which the fragments are of basalt and dark andesite, derived from the 
high volcanic mass to the west. The nearest possible source of the coarse 
breccia is the pre-Cambrian mass east of the Virgin Valley, 7 or 8 miles 
distant. It is evident that a large landslide moved down the west slope 
of the Virgin Mountain block, and reached entirely across the playa to 
the steep fan building from the volcanic range on the opposite side of the 
basin. A slide of such dimensions could have been generated only on a 
high and steep mountain slope. Other evidence, hereinafter discussed, 
suggests that the southwest front of the Virgin Range was a growing fault 
scarp when the basin deposits were accumulating (p. 1430-1431). 

The fanglomerate made of basaltic debris forms a broad, thick apron 
along the east side of the volcanic range west of the river (Pl. 4, sect. 
K-K’). Large angular blocks in the crudely bedded deposit testify to ac- 
tive erosion of the growing pile of lavas. Older water-laid breccias are in- 
cluded in the steeply inclined section of lavas within the range. Uplift of 
the volcanic mass is indicated by the steep dips; even the bordering fan- 
glomerate dips 20 degrees eastward where it overlaps the old slope, al- 
though the inclination decreases to 10 degrees near the river (PI. 9, fig. 1). 
The coarse fan deposit, together with younger flows of basalt, interfingers 
with playa silt and clay. Thus, at least a large part of the volcanic sec- 
tion is contemporaneous with the Muddy Creek formation. 
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Along Detrital Wash the thick gypsum deposit already described (p. 
1423) extends, without interruption, 5 to 6 miles south of the river. Grada- 
tion into clay and silt takes place southward, although gypsum remains 
an important constituent, and, even 14 miles from the river, it forms con- 
spicuous outcrops projecting above the veneer of recent debris. In some 
of the transitional beds, gypsum occurs in scattered kidney-shaped nod- 
ules, imbedded in clay.’ Eastward from the wash, also, the gypsum is re- 
placed rather rapidly by yellow clay and silt. About 3 miles southeast of 
the old Bonelli Ferry site, several important new members are encoun- 
tered in the section. Along the river the weak siltstones are replaced 
rather abruptly by coarse breccia made up of granitic and metamorphic 
rock fragments. There are two general types of the breccia. The first, 
which was formed as ordinary fan deposit, is widespread, with great thick- 
ness, in a belt bordering the south end of the Virgin Mountains. Much of 
this old fan debris is extremely coarse, containing blocks, 10 or 15 feet 
long, that are several miles from any possible source. This type of breccia 
has the crude, but distinct, bedding characteristic of large fans. From the 
slope southwest of Bonelli Peak, this aspect of the Pliocene(?) basin fill 
can be traced continuously, either directly along the river or a few miles 
north of it, to the vicinity of the old Greggs Ferry, where Lee gave to the 
coarse deposit the name Greggs breccia.** The coarse debris in this fan- 
glomerate is composed largely of peculiar granitic and metamorphic rocks 
that now are widely exposed in the bedrock of the southern Virgin Moun- 
tain area; it is clear that the rock fragments were washed from that source. 
Generally, the fanglomerate has a matrix of fine debris rich in feldspar, 
rather weakly cemented with calcium carbonate. 

The second type of breccia is more restricted in its distribution, and 
more unusual in character. It forms high cliffs along the river for a dis- 
tance of 6 miles below Temple Bar. This breccia unit is dark gray, and 
has a rough, gnarly appearance; in a general view, it has a striking re- 
semblance to a lava fiow. However, it consists of large angular blocks, 
all of them composed of granitic and metamorphic rocks, imbedded in a 
well-cemented fine-grained matrix that contains abundant small frag- 
ments of the same rock types. There is no suggestion of bedding. The 
angular blocks have their long axes in all possible positions, without sem- 
blance of order; and the matrix is as free from stratification as is a fine- 
grained igneous rock. Many of the larger included blocks have remark- 
able dimensions. Masses 10 to 30 feet long are common, and several more 
than 50 feet in length were measured. One mass of gneiss, only partly 
exposed at low water, is well over 100 feet long. 


83 W. T. Lee: Geologic reconnaissance of a part of western Arizona, U. S. Geol. Surv., Bull. 352 
(1908) p. 17, 32-33. 
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Several features of the breccia suggest the method of its development. In the 
nearly straight northwest-southeast section cut by the river, the body of breccia 
discloses a lenticular form, 400 feet thick near the middle and thinning steadily, 
though irregularly, in both directions. At the base, the contact with ordinary fan 
breccia is fairly regular; but the original upper surface of the mass is rough and 
hummocky. In many places, the matrix, generally massive, appears to have poorly 
defined banding, greatly contorted, as if the mass were once a viscous liquid 
subject to churning motion. Southwest from the river the breccia thins noticeably, 
and near the western limit of its outcrop the mass ends abruptly against fine- 
grained basin deposits. At one locality, about a mile south of the river and 24% 
miles southeast of old Bonelli Ferry, irregular tongues of the breccia project 
from the general front of the main body into weak clay and siltstone. These 
features collectively imply that the body of breccia originated as a large landslide 
that started at the southwest border of the high Virgin Mountain pre-Cambrian 
area, moved down a fan slope, and advanced a short distance over the flat playa 
surface. The unusually large blocks of gneiss and granite included in the breccia 
suggest origin in a steep scarp, although the mass of debris, lubricated by a matrix 
of wet clay and silt, probably moved down a fan slope not exceeding a few degrees. 

The base of the landslide breccia, together with the beds of fanglomerate on 
which it rests, now is inclined 10° to 15° ‘northeastward; that is, directly toward 
the source of the material. This dip carries the landslide mass below the surface 
a short distance north of the river, and it is, therefore, not known to what extent 
the breccia may grow thicker, wider, and coarser of grain toward the place of 
origin. Above the mass lies typical fanglomerate, like that beneath, with gradually 
decreasing dip of the bedding upward in the section (Pl. 3, sect. L-L’). This 
structure suggests progressive faulting along the base of the Bonelli Peak mass, 
with concurrent accumulation of fan debris southwest of the scarp. 

South of the river, deep valleys, cut by washes, furnish good sections of the 
landslide breccia and of units beneath it. One canyon, which enters the river 4 
miles east of old Bonelli Ferry and directly east of the prominent butte known 
as “Napoleon’s Tomb” (PI. 3), cuts directly across the strike of the dipping section. 
Near the mouth of the canyon, about 400 feet of the landslide breccia is exposed. 
The base, dipping 15 degrees downstream, lies on coarse fanglomerate, which grades, 
toward the southwest, into tuffaceous cross-bedded sandstone. This member rests 
on 80 feet of unstratified rhyolite tuff, salmon-colored and well-cemented, which is 
cut by several clastic dikes (Pl. 11, fig. 1). Beneath the tuff is coarse fanglomerate 
containing large blocks of typical Gold Butte granite; the overlapping, or “shingling,” 
of the blocks shows clearly that they were washed from the northeast. Layers 
of coarse fan debris wedge out to the southwest between layers of siltstone, indicating 
a transition zone between fan slope and playa. Layers of soft white tuff are inter- 
bedded with the fanglomerate and siltstone, and dikes of olivine basalt cut across 
the entire section. Near the head of the wash, in the lowest part of the exposed 
section, the strata are greatly disturbed, and there are large masses of volcanic 
agglomerate, containing blocks of tuffaceous sandstone and of basalt. Probably 
the confused geology at this locality is the result of volcanic activity. Tuffs, 
breccias, and flows cover a large area a short distance to the south (PI. 3). 

Along the river southeast of the thickest section of landslide breccia, the breccia 
is divided into upper and lower members, separated by a wedge of ordinary fan- 
glomerate, which thickens progressively southeastward. The lower member dips 
beneath the river level, and the upper member wedges out near the large bend 
below Temple Bar. This split in the body of the breccia indicates two overlapping 
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landslide sheets, of which the more westerly sheet is the older. After it came into 
place, fan debris accumulated on both sides of it, overlapping its lateral margins 
and covering all except the thick middle portion. A second landslide then formed, 
somewhat farther east, riding, for the most part, over the new fan debris, but, on 
the west side, spreading directly over the thick uncovered part of the first sheet. 
The younger mass was, in turn, buried by fan waste. 

Directly west of Temple Bar, the coarse fanglomerate beneath the landslide 
breccia is many hundreds of feet thick. Numerous thin layers and lenses of gray 
and whitish ash, weakly cemented, are interspersed through the fanglomerate; 
some of the ash clearly was deposited in shallow stream channels on the growing 
fan slope. Below this section of fan waste is a thick sheet of basaltic lava, made 
up of at least seven superposed flows; the sheet, several hundred feet thick at a 
maximum, thins toward the northwest and probably feathers out entirely a short 
distance west of the tall butte known as “The Campanile.” Directly above it lie 
50 to 100 feet of gray tuffaceous beds and bentonitic clays, which pass, by gradual 
transition, into the overlying fanglomerate. 

The multiple flow of basalt rests on a sheet of light-brown andesite flow-breccia, 
which, in turn, lies on salmon-colored tuff like that near Napoleon’s Tomb, which 
is directly on the line of strike to the northwest. The tuff is at least 200 feet 
thick. Below it are other basaltic flows, strongly tilted and forming rugged 
topography. There was no opportunity to examine this area of disturbed volcanic 
rocks, but probably it was a center of igneous activity in Pliocene time. In the 
belt nearer the river the disturbance is slight and nearly uniform. The tuff and 
the overlying multiple flow dip about 15 degrees northeastward, and there is gradual 
decrease of dip through the higher fanglomerate (PI. 3, sect. N-N’). 

Between Temple Bar and Virgin Canyon the coarse fanglomerate, in every way 
like the typical Greggs breccia of Lee, is the principal bedrock. Extensive basaltic 
flows occupy at least three distinct horizons. The oldest of these lavas, tilted to 
the north, northeast, and east, make conspicuous outcrops south of the river near 
the Temple (PI. 3). There was considerable erosion of the flows before deposition 
of the overlying fanglomerate, which dips more gently (PI. 3, sect. O-O’). The 
top of this horizon of flows is brought up prominently on the east side of a 
northeasterly fault in the valley labeled erroneously “Salt Spring Wash” on the 
topographic map (PI. 3). East of this valley the high ridge is capped with a basalt 
sheet, fully 200 feet thick, which is separated from a lower sheet by a wedge of 
fanglomerate that thickens northward. These two lava sheets, with the sedimentary 
beds between and below them, dip gently northward, and apparently correlate 
with two similar sheets north of the river (Pl. 3, sect. P-P’). The lower sheet 
on the north side consists of three slaggy flows, with a total thickness of 100 feet. 
It is separated by 300 feet of fanglomerate from the upper, thicker sheet, which 
caps a prominent mesa. Both sheets wedge out to the northwest; the lower one 
forms a shoulder along the south wall of The Temple, and gradually tapers to a 
featheredge in the fanglomerate (Pl. 11, fig. 2). At its southeastern limit, this 
sheet ends abruptly against fanglomerate, without perceptible thinning; and the 
lower sheet south of the river is cut off at the northwest in the same fashion (PI. 3). 
In neither of these abrupt terminations is there any indication of faulting; at 
both localities the debris forming the fanglomerate was deposited against a cliff 
of basalt. Probably, the lava sheet was cut away locally, by streams on the 
piedmont slope, before it was buried under the fan debris. 

Clearly, the lava flows advanced from the south and overlapped the fan slope. 
South of the river, both sheets thicken perceptibly toward the south, and the 
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Ficure 1. CHEMEHUEVIS REMNANT 
Looking east of north from a point near Greggs Ferry. Large remnant (flat top) is 3 miles distant; 
the top is nearly 500 feet above the river. Granite and gneiss (left background) with tilted Paleozoic 
strata (farther right) and Hualpai limestone (right foreground). (Photo by Eliot Blackwelder) 
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Ficure 2. Mourn oF THE GRAND CANYON FROM GRAPEVINE WASH. 
Looking east; river comes from extreme right, in front of the highest cliffs. Pf, Pliocene (?) fanglom- 
erate, with river gravels above; C, Cambrian sandstone resting on pre-Cambrian granite gneiss; 
Csh, Cambrian shale. (Photo by Eliot Blackwelder) 
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fanglomerate separating them wedges out in the same direction. Great quantities 
of basaltic lava several miles farther south suggest a center of eruption in that 
vicinity. Volcanism augmented the rapid accumulation of basin fill in many 
parts of the Virgin-Detrital trough. 


The highest unit of the basin deposits, which is conspicuous along this 
stretch of the river, is strikingly different from the clastic members al- 
ready described. It consists chiefly of limestone, in thin and rather regular 
beds, many of which have the porous structure characteristic of travertine. 
The most westerly outcrops are south of the river, nearly 3 miles south- 
east of the old Bonelli Ferry, where the limestone lies at the highest ele- 
vations, forming the capping of extensive flat-topped ridges. In that 
vicinity the base of the formation is near the 1350 contour, and the thick- 
ness varies up to 150 or 200 feet. Farther southeast, toward Temple Bar, 
remnants of the limestone cap several large mesas, and also prominent 
isolated buttes, such as Napoleon’s Tomb (PI. 11, fig. 1) and The Cam- 
panile. North of the river, two or three small remnants lie 3 to 4 miles 
northwest of Temple Bar. Delmar Butte (PI. 12, fig. 1) and The Temple 
(Pl. 11, fig. 2) are capped by 80 to 100 feet of the limestone, which also 
extends over part of the mesa east of The Temple (PI. 3). North of Vir- 
gin Canyon, large remnants lying on the pre-Cambrian rocks appear to 
reach an elevation several hundred feet above The Temple. The lime- 
stone is displayed so prominently along Hualpai Wash that the name 
Hualpai limestone is adopted for the formation in this report. Still far- 
ther east, limestone of the same kind covers large areas in the Grand 
Wash trough, and overlaps the lower part of the Grand Wash Cliffs. In 
short, the formation is distributed over an irregular area, measuring 25 
miles east-west and a comparable distance north-south. 

The color of the limestone ranges from white through gray to pink or 
light-brown. Between scattered openings, the rock is compact and fine- 
grained. The degree of porosity varies considerably from bed to bed as 
well as laterally in any one layer. In some parts, the openings occupy 
fully fifty per cent of the volume, and the rock would be described as a 
tufa. On the other hand, many layers are compact and hard, with open- 
ings widely scattered, either singly or in groups. There is great variation 
in shapes and sizes of the openings. Many are highly irregular, with di- 
ameters ranging from half an inch down to the limit of visibility; some 
of these occur as isolated vugs; others connect like a group of tiny cham- 
bers in a cavern. There are large numbers of elongate branching tubes 
with circular cross-section, which strongly suggest molds of plant stems. 
Commonly, the openings are lined with small drusy crystals of calcite, 
and in many places these crystals have a coating of manganese oxide, 
probably pyrolusite. Layers near the base of the formation in Delmar 
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Butte appear superficially to contain large quantities of the dark oxide, 
distributed to form irregular splotches on exposed surfaces. Actually, 
the oxide constitutes a very small percentage of the rock; it darkens the 
lining of all openings, but the coating is extremely thin. 

Spherical bodies made up of thin concentric shells are abundant in some 
beds of the limestone. They weather free from the matrix and lie on the 
surface, many of them almost as round and smooth as marbles, ranging 
up to two inches in diameter. On some weathered bedding surfaces the 
smaller bodies, closely spaced, appear in section and have a strong re- 
semblance to fossils. It is not clear whether they originated as algal 
growths or as inorganic concretions. Much of the limestone also contains 
chert nodules and lenses, which litter the ground where they have been 
liberated by weathering. Commonly, the chert grades from gray to pink 
or light-brown; some nodules have the translucence of chalcedony. 

The Hualpai limestone, in contrast to the complex assemblage of de- 
posits that preceded it, is a homogeneous formation over a wide area. 
Near the base, it contains scattered pebbles and sand, and locally there 
are included thin beds of shale and siltstone. In the main, however, the 
formation consists of limestone, nearly aphanitic and with considerable 
porosity, in beds that are thin and remarkably regular. The original max- 
imum thickness cannot now be estimated with any assurance, but cer- 
tainly it exceeded 1000 feet. The original horizontal extent must have 
been much greater than the area delimited by present outcrops. Most of 
the remnants rest on breccia and other rocks that are fairly resistant. 
Near the Virgin River and Detrital Wash, however, the Muddy Creek 
formation consists chiefly of weak clay, siltstone, and gypsum, which are 
undergoing rapid erosion. There, the limestone has been undermined and 
entirely removed; but, undoubtedly, it once extended westward nearly, 
if not quite, to the Black Mountains, and possibly it reached far north 
and south in the Virgin-Detrital trough. 

Northwest of The Temple the limestone is distinctly unconformable on 
the earlier basin deposits. South of the river, some of the remnants of 
limestone rest directly on the landslide breccia, some on the fanglomerate 
under this breccia, and some on the volcanic rocks that are the oldest 
part of the exposed section. All these units dip to the northeast, whereas 
the limestone is more nearly horizontal. North of the river, it lies on 
fanglomerate that is stratigraphically hundreds of feet above the land- 
slide breccia. Superficially, therefore, the Hualpai limestone appears to 
have been laid down after the older deposits had been considerably de- 
formed and eroded. It is probable, however, that the unconformity does 
not represent an important break in the record. As already explained, 
the tilt in this section is greatest south of the river and decreases grad- 
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ually to the northeast. Accordingly, the angular discordance at the base 
of the limestone, everywhere small, disappears north of the river, and in 
the northernmost remnants the fanglomerate grades into the overlying 
limestone. There is reason to believe that progressive tilting was related 
to recurrent faulting at the base of the Bonelli Peak mass, and that the 
limestone merely represents the latest phase of deposition on a basin floor 
that was tectonically active. Probably, the limestone itself was affected 
by the latest fault movements. South of the river, the beds are tilted 
gently to the northeast, and the base of the formation is 1300 to 1400 feet 
in altitude; north of the river, the remnants nearest the Bonelli Peak 
mass are essentially horizontal, and lie at about 1200 feet altitude. Thus, 
the formation shares in the general northeastward tilt. Locally, it has 
been strongly disturbed; about a mile south of Temple Bar the limestone 
is folded into a sharp plunging syncline, with dips exceeding 30 degrees. 

Inasmuch as The Temple was cited by Lee as the type section of his 
“Temple Bar conglomerate,” which he supposed was deposited by the 
Colorado River,** this feature deserves particular mention. The Temple 
is capped by about 90 feet of typical Hualpai limestone, which, under the 
arid climate of southern Nevada, is one of the most resistant rock types 
in the Pliocene(?) section. This cap protects the weakly cemented fan- 
glomerate, and enables it to stand in nearly vertical walls more than 600 
feet high. Indistinct joints in the fanglomerate are responsible for strong 
buttresses, rather uniformly spaced, which suggest gigantic organ pipes 
(Pl. 11, fig. 2). There is no question as to the origin of the material in 
The Temple walls; it is part of the coarse basin deposit widely distributed 
along this part of the river. The angular debris, rudely bedded, consists 
of disintegrated granite, gneiss, and schist washed from the pre-Cambrian 
highland to the north. This deposit can be matched, with regard to all 
details of its composition and its peculiar sedimentary structure, in the 
sheets of recent waste between The Temple and Bonelli Peak. The walls 
of The Temple display a typical section of the coarse basin deposit called 
by Lee the “Greggs breccia,” which was formed before the Colorado River 
came into the region. 

Greggs Basin—South of Iceberg Canyon the river bluffs expose buff-colored 
fanglomerate of moderate coarseness. About 2 miles north of old Greggs Ferry, 
west of the river along the lower part of the crescentic bend, the fanglomerate 
and overlying beds of orange siltstone dip gently toward the southwest. East of 
the river, directly opposite this locality, red siltstone, clay, and weak sandstone, 
in regular beds that are nearly horizontal, form conspicuous cliffs that rise 150 feet, 


or more, above the river level. This series of beds has been affected by faulting, 
and in a monoclinal fold the dip is locally 70 degrees westward (Fig. 3). In general, 


% W. T. Lee: Geologic r i of a part of western Arizona, U. 8S. Geol. Surv., Bull. 352 
(1908) p. 17-18, 63-65; pl. 2. 
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however, the red beds are little disturbed. To the south and east, they underlie 
the Hualpai limestone, and grade upward into this calcareous formation. In the 
large wash at the Gregg ranch, southeast of the old ferry site, a large spring 
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Ficure 3—Sharp monocline in Pliocene(?) strata 


North of Greggs Ferry. Strata were deposited against a fault scarp (right), and possibly the bend- 
ing resulted from later movement on the same fault zone. Stream gravels are the oldest deposits of 
the Colorado River in this part of the valley. 


emerges at the contact between reddish clay and the overlying limestone. The 
gradational nature of the deposits appears in the following section: 
Unit Feet 
6. Limestone, in regular beds, ranging from a few inches to sev- 
eral feet in thickness. Forms cliffy slopes and canyon walls 500+ 


5. Reddish and variegated siltstone, clay, and fine sand, weakly 
cemented, with recurring layers of gray and salmon-colored 


4. Limestone, rather compact, in layers several feet thick........ 20 
3. Reddish silt, clay, and fine sand...................00cceeeees 25 
2. Limestone in two or three thick beds........................ 15 
1. Reddish silt and clay, underlying flat slope veneered with 
waste. 


The limestone forms continuous outcrops in a belt about a mile wide, east of 
the river at Greggs Ferry (Pl. 3). At the north end of this belt the bedrock is 
widely covered by wash deposits, and the structural relationship of the limestone 
to the Paleozoic formations is not known. Near the mouth of Hualpai Wash the 
limestone belt widens considerably, the beds overlapping the pre-Cambrian rocks 
south of Virgin Canyon. The belt continues southward on both sides of Hualpai 
Wash, which follows a canyon cut into the limestone. Ten miles south of the river 
the outcrops along the wash end at altitude 2100 feet; the base of the formation 
near the mouth of the wash is slightly below the 900-foot contour. As the small 
average dip of the strata possibly has a slight northward component, the stratigraphic 
thickness of limestone exposed in the wash may be somewhat less than 1200 feet, 
but certainly is more than 1000 feet. An unknown thickness has been removed by 
erosion. 

East of Hualpai Wash the limestone is faulted down against pre-Cambrian rocks 
(Pl. 3). Probably the fault continues, with a trend somewhat east of north, along 
the entire belt; but abundant debris on the slope conceals the contact in most 
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places. The limestone has a general dip of 5° to 8° eastward, except along the 
eastern margin of the belt, where the dip is reversed and at some localities is 
steep, indicating strong drag on a fault. There is evidence, also, that a steep 
slope existed directly east of the belt while part of the limestone was accumulating. 
In the upper part of the Greggs Spring Wash, about 2 miles southeast of the old 
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Ficurp 4—Section east of Greggs Ferry 


Coarse debris interfingering westward indicates a steep scarp directly to the east while the limestone 
was accumulating. fg.=-fanglomerate. (See also Figure 8.) 


ranch, layers of coarse breccia made of pre-Cambrian rock fragments are inter- 
bedded with the limestone. The breccia layers wedge out abruptly to the west; 
obviously, they were derived from a slope on the old rocks directly to the east 
(Fig. 4). 

Near the mouth of Hualpai Wash the limestone buries a rough topographic surface 
developed on the pre-Cambrian rocks. The contact extends southwestward as a 
nearly straight line; the pre-Cambrian floor slopes to the southeast, in some places 
as steeply as 60 degrees. Several deep valleys, cut into the old slope, were filled 
by the limestone, which clearly is in depositional contact, although the steep slope 
has the appearance of an eroded fault scarp. 

East of the limestone belt the pre-Cambrian outcrop narrows toward the north, 
and the Paleozoic formations, dipping steeply eastward, form the entire western 
slope of the steep ridge (Pl. 21). East of the Gregg ranch, these older rocks 
disappear abruptly, and for 2% miles the steep slope is on extremely coarse 
fanglomerate, in which the fragments are of granite, gneiss, and schist, weakly 
cemented. This slope is the type locality® of Lee’s “Greggs breccia” (Fig. 5). 
The fanglomerate contains many blocks, 10 to 12 feet long. Typical Gold Butte 
granite has contributed generously to the deposit, and it is clear that the source 
was the high pre-Cambrian area north of the river. Apparently, the debris filled 
a wide valley, at least 1000 feet deep, which had steep walls of Paleozoic limestone. 
Probably, this valley was eroded on the east flank of the Virgin Range while 
movement was active on the Grand Wash fault. 


Grand Wash trough—tThe top of the high, flat-topped ridge east of 
Greggs Ferry is capped with Hualpai limestone, which lies on the fan- 
glomerate without perceptible discordance. Fragments of granite are in- 
cluded in the lower beds of limestone, but there is no transition through 
fine-grained clastic deposits. The upper part of the fanglomerate is fairly 


%5 Op. cit., p. 17, 32. 
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well bedded, and the fragments are of moderate size. Only 30 feet of the 
thin-bedded limestone forms the top of the west-facing cliff; but the 
thickness appears to increase eastward, as if the limestone in its deposi- 
tion overlapped westward on a gentle fan slope (Fig. 5). Other remnants 
of the limestone form conspicuous buttes and mesas in the valley of 
Grapevine Wash (PI. 12, fig. 2), reaching altitudes nearly 2000 feet above 
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Ficurn 5.—Section slightly north of Greggs Ferry 
Position of the fault and exact relations of fangl ate and limest are hypothetical. 


the Colorado River. Along the east side of the valley the Hualpai clings 
to Paleozoic limestone in the Grand Wash Cliffs. 

Grapevine Creek and its tributaries have cut through the Hualpai lime- 
stone, revealing a thick section of clastic basin deposits directly west of 
the Cliffs. The lower part of the exposed section consists of coarse fan- 
glomerate, which suggests high relief on both sides of an elongate north- 
south basin while the Grand Wash fault was active. Along the east side 
of Tassai Ridge the fragments in this coarse deposit consist almost entirely 
of granite and gneiss, obviously derived from the southern part of the 
Virgin Mountains. Even where the fanglomerate lies closely adjacent to 
the limestone ridge, only a small proportion of limestone fragments are 
mingled with the granitic debris. There is a suggestion, in the distribu- 
tion of the material, that much of it streamed through the old filled 
valley east of Greggs Ferry (p. 1433), and was spread widely north and 
south in the basin east of the ridge. It also appears certain, however, 
that the Paleozoic strata in the ridge finally were completely buried under 
fan debris that formed a slope from the high Gold Butte area to the 
Grand Wash Cliffs. 

Near the river level the granitic material in the fanglomerate is pre- 
dominant as far east as the old Pierces Ferry, less than a mile from the 
mouth of the Grand Canyon. East of the ferry site the fanglomerate is 
made of limestone and sandstone fragments derived from the Paleozoic 
formations in the plateau. The coarseness of the fragments increases 
rapidly eastward, and at the mouth of the Canyon the fanglomerate is 
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well exposed in high bluffs on both sides of the river. The deposit over- 
laps the granite, the Cambrian sandstone and shale, and some of the 
Cambrian limestone. The lower part of the cliff was bevelled by erosion 
to form a moderate slope, and the fan deposit extends up this slope fully 
half a mile, unaffected by faulting (PI. 19, fig. 1). 

Grapevine Wash gives an excellent section along the axis of the old 
basin, and some of the tributaries give good transverse sections. Near 
the mouth of the main wash the granitic fanglomerate, cemented in a 
reddish sandy matrix, forms cliffs, 100 to 200 feet high. Less than a 
mile south of the river the section rises into lead-gray, thin-bedded strata, 
several hundred feet thick, in which there is alternation of soft siltstones 
and clays with layers of granitic sandstone that contain some large 
pebbles. All of this material appears to be derived from pre-Cambrian 
bedrock; the silts and clays are micaceous, and the beds grade westward 
into coarser-grained sediments rich in partly decomposed feldspar. In 
the midst of the fine-grained section, about 2 miles up the wash, is a layer 
of breccia containing granitic blocks up to 30 inches long; the pell-mell 
arrangement of the blocks in structureless fine-grained matrix suggests 
origin as a mudflow. The layer thickens to the southwest, and, toward 
the northeast, it wedges out in the midst of thin-bedded silts and clays. 
At several horizons in this part of the section, there are thin layers of 
white and gray volcanic ash; and some of the clay-like layers have 
weathered surfaces suggestive of bentonite. 

The character and distribution of the fine-grained gray sediments indi- 
cate deposition on a playa that widened as the basin filled. Considerable 
quantities of clay and silt, in regular laminae a small fraction of an inch 
thick, suggest that the basin may have held a lake for some time. Along 
the axis of the trough the gray beds probably are 350 feet thick. Above 
them lies a comparable thickness of pink and reddish sediments, largely 
fine-grained, which were not closely examined. The Hualpai limestone 
forms the top of the section (Pl. 12, fig. 2). On the high ridge east of 
Greggs Ferry, about 9 miles southwest of Pierces Ferry, the base of the 
limestone is at altitude 2650 feet; but 3 miles southeast of Pierces Ferry, 
at the base of the Grand Wash Cliffs, remnants of the limestone are at 
altitude 1700 feet. At the latter locality the young limestone beds extend 
eastward across the supposed position of the Grand Wash fault, and 
overlap the Paleozoic limestones, to which they are firmly welded. 

North of Pierces Ferry the south-flowing washes expose extraordinarily 
coarse fanglomerate, containing blocks of Gold Butte granite, 15 to 20 
feet long. The nearest outcrops of this granite are 12 to 15 miles distant, 
and high ridges of Paleozoic limestone now rise considerably above a 
straight line connecting the fanglomerate with any possible source (Fig. 
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6). However, there has been faulting across 
this line since the fan debris was laid down, 
and, no doubt, erosion has reduced the pre- 
Cambrian area far below its maximum alti- 
tude. By assuming greater initial height of 
this area and correcting for the faulting, it is 
possible to restore a logical gradient on which 
the large masses could be moved. Neverthe- 
less, the extreme coarseness of fan material is 
impressive, not only because of its distance 
from the source but also because of its proxi- 
mity to the plateau. Extremely coarse grani- 
tic debris, all derived from the neighborhood 
of Gold Butte, is exposed less than 2 miles 
from the Grand Wash Cliffs. Evidently, the 
uplift at the western side of the Virgin Moun- 
tain block was much more important topo- 
graphically than depression on the Grand 
Wash fault. At its greatest development the 
mountain mass must have towered far above 
its surroundings, shedding sufficient waste to 
keep the basin on the east nearly filled. 
Directly north of Pierces Ferry the coarse 
fanglomerate is at the river level and extends 
800 to 900 feet higher in the section. At the 
east side of Tassai Ridge, this deposit forms 
the complete Pliocene(?) section, to an alti- 
tude well above 2200 feet. As there is no ap- 
parent disturbance of the section in this part 
of the basin, the difference in elevation reflects 
the eastward slope of the old fan surface. 
Along the road leading north from the ferry, 
finer-grained sediments appear at altitude 
1800 feet. Weak sandstones and siltstones 
grade upward into thin-bedded limestone, 
which forms large buttes and mesas at higher 
altitudes. Several miles farther north, a large 
mass of fanglomerate, made of coarse frag- 
ments of Paleozoic limestone and sandstone, 
extends westward from the edge of the plateau. 
HO As at the mouth of the Grand Canyon, this 
deposit overlaps the eroded edge of the cliffs; 


Miles. 


/8 


16 


x Pliocene (2) breccia 
/4 


Ficure 6.—Section from vicinity of Gold Butte to the Grand Wash Cliffs 
K=Kaibab limestone; T—Tassai Wash group; I.f.=Iceberg fault; 7.f.=Tassai fault. Position of Grand Wash fault hypothetical. 
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it can be traced nearly a mile to the east, along old valleys that were 
filled by the fan debris and have been partially re-excavated by the mod- 
ern drainage. Two flows of black basalt were buried in the fan waste 
(Pl. 12, fig. 3). North and west of this fan, gypsum and gypseous clays 
lie at the same altitude as the limestone south of the fan. 


It is not possible, until the sediments in Grand Wash trough are studied more 
completely, to correlate the old fans with any assurance. So far as the present study 
permits interpretation, however, it appears there was an alternation of great fans 
built from the west with smaller ones built from the east into the elongate basin. 
Thus, one large fan, centering near the site of Greggs Ferry, extended eastward 
practically across the basin and spread widely north and south; a similar dominant 
fan from the west centered about 10 miles north, and buried the north end of 
Tassai Ridge. In the angle between the two, a smaller fan was built westward 
from the Grand Wash fault scarp, near the mouth of the present canyon; and 
another formed 10 miles farther north, overlapping the northeast slope of the 
Tassai fan. Playas, and perhaps at times actual lakes, occupied the depressions 
between the slopes of adjacent fans, and spread more widely as filling proceeded 
and relief decreased. Filling progressed at different rates, and deposits of very dif- 
ferent character formed at corresponding levels in neighboring depressions. 

West of Tassai Ridge the Pliocene(?) section is strikingly different from that to 
the east. Instead of coarse fanglomerate, siltstones and other fine-grained deposits 
are exposed in the lower part of Grand Wash; yet the coarse granitic waste north 
of Pierces Ferry must have been transported directly across the mouth of the pres- 
ent wash. Two possible explanations are suggested. First, it is clear that the 
Pliocene(?) strata west of Tassai Ridge have been displaced on the important north- 
easterly fault at the base of the ridge. West of the mouth of Grand Wash the beds 
of siltstone and fine-grained breccia dip toward the fault at angles up to 20 degrees. 
South of the river, a section of breccia, tuff, and tuffaceous sandstone is tilted 20° 
to 25° northwest, as if it were dragged up during downward movement on the fault 
(Pl. 21, sect. T-T’). Coarse limestone breccia, above the tilted section, but merg- 
ing with it at some distance from the fault, probably represents vigorous erosion 
of the Paleozoic formations in the high footwall block after movement occurred. 
It may be supposed, therefore, that the coarse granitic fanglomerate, together with 
higher fine-grained sediments, was faulted down west of Tassai Ridge, and is now 
far below the surface. If this were true, however, the coarse fanglomerate in the 
down-thrown block should appear some distance west of the Grand Wash, near the 
base of the Virgin Mountains. There is fanglomerate in that position, and it is 
made largely by granitic fragments. However, it is only moderately coarse, and 
at least a part of it appears to grade eastward into the fine-grained sediments along 
the Grand Wash. It is possible, therefore, that the beds west of Tassai Ridge repre- 
sent the early part of deposition in the trough; that faulting dropped the beds to 
their present position, allowing the great fan to be built across the down-thrown 
block; and that later erosion has removed the part of the fan west of Tassai Ridge. 
The evidence favors the latter hypothesis, but no definite conclusion is possible 
at present. 

An extensive sheet of basalt lies on the Pliocene(?) beds west of the Grand Wash. 
Directly west of the mouth of the wash, where the sheet lies above weak siltstone, 
large blocks of the columnar basalt have slumped at the top of steep slopes 
and lie in various unexpected positions. A mile farther northwest the sheet is 
75 to 100 feet thick and forms the flat top of an extensive mesa. An isolated 
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remnant near the river caps a prominent butte that was pictured and dis- 
cussed by Lee.* The basalt cap lies on fanglomerate, which Lee supposed was the 
“Temple Bar conglomerate,” related to early Colorado River gravels; instead, it is 
part of the typical coarse basin-fill, growing coarser westward and grading eastward 
into the siltstone at the Grand Wash. In the butte, the fanglomerate lies across the 
bevelled edges of highly tilted Supai sandstone. The base of the basalt appears gen- 
erally conformable to the bedding in the Pliocene(?) deposits, in the butte and in the 
mesa to the north. The top of the basalt sheet is uncovered where it was examined, 
and it is not certain whether it was once buried in the Pliocene section, as seems prob- 
able, or was erupted more recently. Ten miles north from the mouth of the Grand 
Wash, basalt flows are included in gravels younger than the Pliocene(?).” 


The Hualpai limestone near Greggs Ferry deserves additional brief dis- 
cussion in this setting provided by the explanation of other deposits in 
the Grand Wash trough. Near the ferry the base of the limestone is at 
altitude 950 feet; on the high ridge directly to the east, similar limestone 
is in contact with fanglomerate at altitude 2650 feet. There is little 
reason to doubt that the limestone along the valley of Grapevine Creek 
is part of the Hualpai limestone. It is highly improbable that thick sec- 
tions of a deposit so unusual, occurring practically side by side, would 
be of different date. In view of the evidence that the Greggs Ferry belt 
is bounded on the east by a fault, it is logical to assume that the block 
of limestone was dropped 1700 feet from its original level. However, 
there is evidence, also, that a steep slope existed near the present east 
boundary of the belt while the limestone was being deposited (Fig. 4). 
Probably, therefore, the limestone accumulated while subsidence on the 
fault was in progress. As it appears that a scarp was buried by the lime- 
stone near the head of Virgin Canyon (p. 1482), it is possible that the 
Greggs Ferry section was deposited on the floor of a narrow subsiding 
graben. There is no necessary relation between the bases of the limestone 
on the ridge and in the Greggs Ferry belt. Unless there was considerable 
movement on the fault after deposition ceased, however, it is necessary 
to assume that the Greggs Ferry section was at least 1000 feet thicker 
than at present before it was reduced by erosion. 

Explanation of this peculiar limestone in such thickness, and distributed 
over so wide an area with regular stratification, presents a difficult prob- 
lem. The most porous layers resemble calcareous deposits around some 
present-day hot springs; but the limestone was not built up around local 
centers—it is widespread, and essentially a unit formation. It appears 
to represent a lake, or perhaps neighboring connecting lakes, with water 
highly charged with calcium carbonate. Ordinary playas seem to be out 


%8 Op. cit., p. 32; pl. 7a. 
870. R. Longwell: Geology of the Muddy Mountains, Nevada, with a section through the Virgin 
Range, to the Grand Wash Cliffs, Arizona, U. S. Geol. Surv., Bull. 798 (1928) p. 102. 
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of the question. There are many modern playas, surrounded by lime- 
stone mountains, on which much of the deposit contains a high percentage 
of calcium carbonate; but a large proportion of clastic material is in- 
cluded, at best, and near the margins there is little except clastic material, 
some of it coarse-grained. A large part of the Hualpai limestone, how- 
ever, contains remarkably little impurity even where it lies against the 
Grand Wash Cliffs and similar steep slopes. Moreover, the bedding is 
distinct and regular, whereas there appears to be a tendency to erase or 
confuse the stratification in fine-grained calcareous playa deposits. 

Possibly, the lakes were, in large part, rather shallow, and contained 
plant growth that caused the numerous stem-like openings in the de- 
posits. Numerous hot springs, issuing from the Paleozoic formations, 
may have provided a large part of the carbonate solution. Such springs 
are common now along the Colorado. It is hardly profitable to speculate 
regarding the mechanism of precipitation until the formation is studied 
more carefully. : 


Relation and age of the several deposits—No fossils were found in 
any of the strata already described as probably Pliocene in age. Hence, 
there is question as to the date of the deposits in any of the basins, and 
there is no way to make sure correlations between separate basins. With 
the foregoing descriptions and explanations as a background, further 
attention will now be given to the probable relationship between the 
various rock units. 

There is little doubt as to the essential age equivalence of clastic basin 
deposits and associated gypseous beds throughout the Virgin-Detrital 
trough. Exposures are good enough for almost continuous tracing, and 
lateral gradations between such widely different rock types as coarse 
fanglomerate and white bedded gypsum can be established by direct 
observation. Even in the area southwest of Bonelli Peak, where the tilted 
sedimentary and volcanic units look superficially like an older series, 
gradation of the coarse fan deposits into the typical Muddy Creek playa 
sediments seems clearly established, and the tilting is adequately ex- 
plained as due to progressive movement during sedimentation. What- 
ever may be its exact age, therefore, the Muddy Creek formation appears 
to embrace all the diverse clastic-sedimentary, saline, and volcanic units 
in the Virgin-Detrital trough that are assigned to it in this report. 

Certain correlation of deposits in the separate basins demands fossil 
evidence not now available. Although the lithologic units in the three 
principal basins are strikingly similar, it must be kept in mind that the 
region had a long history of crustal disturbance, under conditions of in- 
terior drainage. Deposits in adjacent arid basins, derived from the same 
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or similar bedrock, may look almost identical even if they are formed 
in different geologic epochs. Therefore, the suggestion that the closely 
similar sections of Callville Basin, the Virgin-Detrital trough, and the 
Grand Wash trough are essentially time equivalents must be treated with 
due caution and tested by further field study. Exact dating of these 
deposits, particularly in the Grand Wash trough, is critical for the solu- 
tion of important regional problems. ‘ 

Correlation of the peculiar Hualpai limestone outcrops appears to be 
on safer ground. The uniform character of this unusual deposit and the 
location of numerous remnants at high elevations indicate that it was 
laid down on a wide surface of moderate relief, after the Grand Wash 
and Virgin-Detrital troughs had practically coalesced through erosion 
and deposition. On the other hand, in some parts of the area the lime- 
stone appears to be considerably younger than the clastic deposits beneath 
it (Pl. 3, sects. L-L’, N-N’); hence, it may be questioned that the lime- 
stone and the Muddy Creek formation belong in the same epoch. In most 
parts of the area, however, the limestone is conformable to the strata 
beneath it, and, commonly, there is perceptible transition from clastic 
deposits into the carbonate beds. The angular unconformity southwest 
of Bonelli Peak is more apparent than real, as the gradual decrease in 
the angle toward the north indicates progressive tilting and not an abrupt 
stratigraphic break. Therefore, the limestone is considered to represent 
merely a late phase of the basin-filling, and not the initial member of 


a new series. 
PLEISTOCENE AND YOUNGER DEPOSITS 


General statement.—The Hualpai limestone appears to be the youngest 
formation, now preserved, that records basin conditions along the course 
of the present Colorado River. Younger deposits reflect the control of 
a through-flowing stream. The principal units in this younger series are, 
in order of their formation: (1) partially cemented river gravels, sands, 
and silts; (2) weakly indurated sands, silts, and clays that record either 
large-scale damming of the Colorado River or drastic climatic change; 
(3) later river gravels left at various levels in establishing the present 
stream profile. Deposits built by intermittent tributary streams and by 
slope wash are related to each of these three major units. 


Old river deposits——The oldest recognized deposits made by the Colo- 
rado River are best displayed in Callville Basin, along both sides of the 
river below Boulder Canyon (PI. 21). They consist of alternating irreg- 
ular beds of gravel, sand, and silt, all weakly, but perceptibly, indurated. 
The gravels, in particular, contrast strongly with the older basin deposits 
of corresponding coarseness; the pebbles are distinctly rounded and 
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Ficure 1. ScARP ON THE WEST SIDE OF THE RIDGE 

Half a mile south of the Colorado River. Mississippian (Redwall) limestone is chiefly light-colored, 

but contains a darker member. Older, thin-bedded limestone and dolomite form lower part of cliff; 
part of the Pennsylvanian (?) at top. 


Ficure 2. NORTH WALL OF THE CANYON THROUGH THE RIDGE 
Limestone and sandstone of Pennsylvanian (?) age. 


PALEOZOIC STRATA IN TASSAI RIDGE 


{ 


BULL. GEOL. SOC. AM., VOL. 47 


Ficure 1. DoLoMITE AND LAVA 
White dolomite with thin lacustrine bedding, overlain by basaltic lava with pillow structure. East 
of Callville Wash. 


Ficure 2. GypsuM, SHALE, AND BASALT 
Interbedded on east side of elongate dome, east of Callville Wash. In high hill (right) lavas dip 20 
degrees westward; in flank of dome the dip is reversed to 60 degrees eastward. Flow included in gyp- 
sum section is 20 feet thick. 


PLIOCENE (?) LAKE DEPOSITS OF CALLVILLE BASIN 
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smooth, and they represent practically every type of resistant bedrock 
exposed along the river between Callville Basin and the Grand Canyon. 
Pre-Cambrian igneous and metamorphic rocks, Paleozoic limestones and 
sandstones, later intrusive and extrusive igneous rocks, vein quartz—all 
these have numerous representatives, intimately mixed, in the travel-worn 
assortment. Gradations, as well as abrupt changes, from coarse to fine 
sediments, both laterally and vertically, record cut and fill, braiding of 
current, rise and fall of floods, as the river shifted its course over the broad 
belt. The sands are characteristically cross-bedded by current action; 
silts are in thin horizontal laminae, suggesting deposition in slack-water 
pools. 

Near the great bend of the river, 5 miles below Boulder Canyon, the 
old deposits are unconformable on Pliocene(?) siltstone at low-water level, 
and they form hills that rise 500 feet above the river. In these hills 
the gravel beds form vertical bluffs; the sands and silts make gentler 
slopes (Pl. 14, fig. 2). In the vicinity of Old Callville the gravel beds 
form cliffs that rise 100 feet or more from the river level (PI. 14, fig. 1) ; the 
base of the deposit is at an unknown depth. On either side of Boulder 
Canyon the deposits are faulted down against older rocks. As there is 
no basis for estimating the throw on the fault, the altitude at which the 
river made the deposits is unknown. Probably, the large remnant in 
Callville Basin owes its preservation from erosion to its lowered position 
due to the faulting. 

North of the river, where large washes have cut canyons that expose 
excellent sections, the typical river deposits are seen to interfinger later- 
ally with, or abut against, angular debris of local origin. Commonly, 
this material is in steep foreset beds that, no doubt, record the building 
of delta-fans by intermittent tributaries like the present Callville Wash 
(Pl. 14, fig. 2). Farther from the river in all parts of the area, cemented 
breccia, which was deposited partly by small intermittent streams and 
partly by slope wash, forms an unconformable capping on Pliocene(?) 
and older rocks. This breccia is related to the early activities of the 
Colorado River; wherever it is preserved, it dips toward the river, and 
it lies unconformably beneath the fine deposits that record the second 
general phase of the river’s history. 

The old river deposits in the Callville area contain abundant silicified 
wood, much of which appears to represent partly decayed logs and 
branches. Most of this fossil wood is in layers of cross-bedded sand. In 
the best specimens obtainable the preservation is too poor for certain 
identification of species. Limb bones of animals, all of them isolated 
specimens, were found in layers of sand and fine gravel. Some of these 
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were submitted to R. S. Lull and Malcolm R. Thorpe, of Yale Peabody 
Museum, who found that they represent “a camel, smaller than the mod- 
ern bactrian camel and probably not far from Camelops huerfanensis. 
The specimens undoubtedly belong to the Pleistocene, but they are not 
good horizon markers.” ** Unfortunately, no teeth or skull parts were 


found. 


There has been considerable deformation of the river-laid strata. Southeast of 
Old Callville, they dip away from the Black Mountain front at angles up to 20 de- 
grees, and north of the mouth of Boulder Canyon, they dip 60 degrees away from 
the pre-Cambrian rocks, in a belt several hundred feet wide (Pl. 13, fig. 1). At 
both these localities the disturbance indicates important movement on the fault at 
the base of the mountains. North and northwest of Old Callville the beds are folded 
irregularly, and are inclined in various directions up to 45 degrees (PI. 2, sect. D-D’). 
There are local angular unconformities within the beds themselves. Half a mile 
west of Callville, thick layers of typical river gravel, moderately cemented, are in- 
clined 60 degrees to the south, and similar beds are horizontal across their bevelled 
edges. Evidently, the area around Callville was subject to strong disturbance while 
the river gravels were accumulating. Perhaps repeated dropping of the basin floor 
along the Callville fault, necessitating continuous deposition by the river to maintain 
its grade, is responsible for the great thickness of gravels in this remnant. There 
was also volcanic activity at that time; the horizontal beds above the local uncon- 
formity near Callville include a layer of white volcanic ash several feet thick. The 
microscope shows that most of the fragments are clear glass. From the regular 
stratification, it is clear that the ash was deposited in its present position by water; 
but remarkably little foreign material was introduced. Probably, it was carried only 
a short distance, by a small tributary entering from the north. 

South of the river the remnant of old gravels ends abruptly against Pliocene(?) 
deposits brought up on a steep fault (Pl. 2, sect. D-D’). Only younger gravels and 
slope debris can be seen on much of the slope southwest of Callville (Pl. 14, fig. 1), 
but the old river gravels are believed to have the distribution indicated in Plate 
21. They are well exposed in bluffs directly east of the great bend in the river, about 
3 miles north from the head of Black Canyon. 

No remnants of these older cemented gravels were found along the river in the 
twenty-mile stretch across the Virgin-Detrital trough. Probably, they were deposited 
far above the present river level, on the weak Pliocene(?) sediments, rapid erosion 
of which has undermined all higher units. North of Greggs Ferry, two large rem- 
nants of cemented river gravels are preserved. One of these, east of the river, 2 
miles above the ferry site, lies on tilted Hualpai limestone and associated red clastic 
sediments, about 150 feet above the river level (Fig. 3). The other remnant is south 
of the river, at the bend directly below Iceberg Canyon. It lies on buff Pliocene(?) 
fanglomerate, and a basalt flow, 30 to 50 feet thick, is included in the gravels 30 
feet above the contact. A northwesterly fault displaces the entire section, dropping 
the block on the northeast about 100 feet. The gravels are pretty well cemented 
with calcium carbonate in a matrix of sand. Well-rounded pebbles, representing a 
wide range of rock types, are laid in irregular lenticular layers that alternate and 
interfinger with similar layers of sand. This structure, as well as the peculiar over- 
lapping of the pebbles, reflects the action of swift water in a shifting channel. 


38 R. S. Lull: personal communication. 


| 
| 
] 
| 
{ 
ay 
4 


STRATIGRAPHY AND LITHOLOGY 1443 


Deposits that record a later phase of the river’s history lie against the eroded edges 
of the gravels and basalt. 

The only other important comparable river deposits seen in the area are in the 
Virgin Valley near St. Thomas. Above the mouth of Muddy Creek the Virgin 
River flows through a gorge, known as “The Narrows,” which is cut into weakly 
cemented river gravel, sand, and silt (Pl. 4). These deposits are exposed in the 
gorge for at least 200 feet, and they may extend to considerable depth below the 
river level. North of St. Thomas the Pliocene(?) clays dip to the east beneath the 
river gravels, suggesting depression of the Virgin Valley floor where the remnant 
of gravels is preserved.” Southeast of St. Thomas the old river deposits form bluffs 
near the river level; toward the salt mine the deposits thin and disappear by over- 
lap on the Pliocene(?) clays (Pl. 4). There are several other small outcrops of the 
cemented gravels farther south in the valley, on both sides of the river. 


All the remnants described have two striking characteristics in com- 
mon: the deposits are distinctly cemented, and the remnants had been 
eroded nearly to their present form before the next younger Pleistocene (?) 
formation was deposited on and around them. Probably, it is significant 
that the remnants are found only in parts of the area where subsidence 
by faulting and warping has occurred, apparently in Pleistocene or Recent 
time. Absence of the old gravels in most of the area suggests that they 
were deposited far above the present grades of the Colorado and Virgin 
rivers, and, for the most part, have been removed by later erosion. 

It may occur to some who are familiar with Lee’s work in the region 
that the old river deposits suggest his descriptions of the “Temple Bar 
conglomerate.” Lee specifically mentions as part of the conglomerate the 
gravel inclosing the basalt sheet at the lower end of Iceberg Canyon.*° 
However, he did not distinguish between the river gravel and the older 
fanglomerate beneath, and, for the most part, he applied the name to 
typical fanglomerate, as at the Temple, his type locality of the formation. 
Probably, he recognized the true river gravels where they occur near 
the present stream, and in his hasty survey assumed that other coarse- 
grained deposits exposed in cliffs were part of the same formation. Thus, 
the butte called “Napoleon’s Tomb,” below Temple Bar, consisting of 
thin-bedded Hualpai limestone resting on fanglomerate, is pictured by 
Lee as “Temple Bar conglomerate”.** Because the term was applied to 
deposits of widely different lithology and origin, it is confusing and should 


be abandoned. 


The Chemehuevis formation.—Deposits consisting chiefly of sand, silt, 
and clay are conspicuous in a narrow belt along the Colorado River and 
in some of the larger tributary valleys. These deposits are strongly 


39C. R. Longwell: op. cit., p. 117. 

40W. T. Lee: Geologic rec i of a part of western Arizona, U. 8. Geol. Surv., Bull. 352 
(1908) p. 32. 

41 Op. cit., pl. 8, A. 
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unconformable on the old river gravels, just described. Although the 
sediments are only slightly consolidated, and the beds, therefore, are 
inherently weak, some of the large remnants are close to the river, in posi- 
tions that offer little protection from active erosion. When the distribu- 
tion of the deposits is studied in detail, it becomes clear that they accumu- 
lated, to a thickness of several hundred feet, in the valley of the Colo- 
rado after the river had cut nearly to its present grade; and that the river 
then re-excavated its valley, destroying the greater part of the fine- 
grained fill. Lee recognized the deposits and described them briefly as 
the Chemehuevis gravel, taking the name from the Chemehuevis Valley, 
south of The Needles.*? As gravel is an almost negligible part of the 
section, Lee’s lithologic designation is abandoned in the present report. 
However, as the fine-grained sediments in the Chemehuevis Valley appear 
to be part of a unit deposit that once extended continuously along the 
river for hundreds of miles, Lee’s locality name is retained, and the 
deposit is discussed here as the Chemehuevis formation. 

No attempt is made to show on the maps all outcrops of the formation 
that were seen between the Boulder damsite and the mouth of the Grand 
Canyon. Hundreds of the characteristic remnants remain in this area; but 
most of them are small and isolated, and to map them would be difficult 
and unprofitable. Enough were studied to establish the former distribu- 
tion of the formation, the peculiar features of the sediments, and their 
relation to other deposits. Exposures were studied in some detail in sev- 
eral parts of the Callville Basin and Las Vegas Wash, in the Virgin- 
Detrital trough near the Colorado River and as far north as St. Thomas, 
in Greggs Basin, and in the Grand Wash trough to within half a mile of 
the mouth of the Grand Canyon. In vertical range the deposits were 
seen below the 700-foot contour, only 30 feet above the river in the Call- 
ville Basin, and near the 1300-foot contour at several widely separated 
localities. The most complete section at one place is afforded by a large 
remnant northeast of Old Callville, where practically every layer is 
exposed through a thickness of nearly 400 feet. Most of the outcrops fur- 
nish only small samples of the section, at haphazard elevations. 

Typical outcrops appear as isolated areas of badlands, conspicuous in 
a frame of darker-colored older rocks. Commonly, the Chemehuevis 
deposit is cream-colored to pale yellow, although parts are buff, and 
exceptional layers are light-brown, or even reddish. In Las Vegas Wash, 
which is in the midst of widespread gypseous Pliocene(?) siltstone and 
clay, the Chemehuevis sediments are exceptionally light-colored. There 
the younger formation is not conspicuous in a general view, because the 
color contrast with the older bedrock is not great. Against a background 


42 Op. cit., p. 18; pl. 3B. 
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Ficure 1. Dry or VirnGin River 
Looking northwest, from a point a mile north of Bonelli salt mine. Lavas and breccia 
beds, forming high part of range, dip from 25 to 30 degrees eastward. Thick fanglomerate, 
derived from the volcanic rocks, exposed in high cliffs west of river. 


( 


Ficure 2. Muppy CREEK FORMATION 
Rhythmic succession, probably old playa deposits, near mouth of Bitter Wash, 6 miles 
south of St. Thomas. Each light-colored layer of silt and fine sand grades upward into 
orange-yellow silt and clay. Similar deposits are widespread in Callville Basin. 


PLIOCENE (?) DEPOSITS IN VIRGIN-DETRITAL TROUGH 
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of dark lavas or pre-Cambrian rocks, the young deposits look almost 
white. 

The bedding is regular and essentially horizontal. There is a wide range 
in thickness of individual layers, from a small fraction of an inch to many 
feet, or even tens of feet. In general, the thick beds are made of coarse 
sand, the thinner layers of fine sand, silt, and clay. There is consider- 
able amount of genuine clay, free from grit; in the dry climate, it has 
set almost as hard as plaster, and plays the chief role in causing the 
formation, most of which is exceptionally weak, to stand in cliffs that 
are difficult to scale. When several remnants that lie at various eleva- 
tions are examined, proportions and arrangement of the several kinds 
of sediment are found to differ greatly from one remnant to another. 
A thick continuous section like that at Callville, however, reveals an 
arrangement of beds that appears to be highly significant. Even at a dis- 
tance, it is evident that the section consists of two unlike portions; an 
upper cream-colored member that forms a steep slope, and a lower 
buff-yellow member that stands in cliffs. The upper beds consist 
chiefly of coarse sand, prominently cross-bedded, with a few scattered 
layers of hard clay. In the cliffs, clay and silt are predominant over 
fine sand. The gentle slope between the cliffs and the river does not afford 
continuous outcrops, but washes reveal coarse cross-bedded sand, similar 
to that in the upper member, with a total thickness of 125 feet or more. 
Thus, the section consists of three principal members, as follows: 


Unit Feet 
- Sand dunes, forming rolling surface, with average elevation about 
1250 feet. Highest exposure of water-laid sand at 1200 feet.... 
3. Cross-bedded coarse sand, divided by several horizontal layers 


2. Clay, silt, and fine sand, in thin layers, forming cliffs............ 60 
1. Cross-bedded coarse sand, with scattered layers of clay and silt.. 125 

Gentle slope to river, with no outcrops..................00.0005 65 


Low-water elevation of river, 685 feet. 


The thick upper member is subdivided into six principal units, similar 
in construction, but of unequal thickness. Each unit consists chiefly of 
rather coarse cross-bedded sand, which, near the top, grades through finer 
sand into silt and clay. Sand at the base of each unit makes abrupt 
contact with the clay below. In short, the units, by their individual 
construction and their relation in series, suggest gigantic varves. A sec- 
tion of the upper member, measured in detail, is as follows: 
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Unit Feet Inches 
Pavement veneer, containing river gravel 

18. Hard gray clay with obscure lamination.................. : & 
17. Coarse sand with some cross-bedding..................... 3 

16. Gray clay and silt, interlayered.......................05. 4 
1 

13. Coarse cross-bedded sand, finer at top.................... ‘27 

11. Coarse cross-bedded sand grading upward into silt........ 42 

10. Gray clay and fine silt, interlayered...................... 1 
27 

4. Gray clay and silt, interlayered........................05- 1 

3. Coarse cross-bedded sand, without break.................. 93 


Abrupt contact with clay and silt in cliffs below 


The principal units in the section appear to start with the layers num- 
bered (1), (3), (9), (11), (18), and (19). If all intermediate layers are 
considered, it may be said there are ten units, assuming that the fine- 
grained portion of the upper bed has been eroded. However, it seems 
more logical to consider the small units as secondary, superposed on the 
units of larger order. For example, although (17) and (18) might be 
interpreted as a normal unit except for size, (15) and (16) appear 
abnormal, in that the clay layer is much thicker than the sand below it. 
If (13) to (18) and (3) to (8) are assumed to be two complex units, the 
entire section resolves into six comparable divisions. The second from 
the base stands out because of its great total thickness and its small per- 
centage of clay. Particular attention was given to layer (3); it consists 
entirely of sand, much of it coarse, with irregular cross-bedding through- 
out. 

The middle member of the total section is characterized by absence of 
coarse-grained sediment, by regularity of thin beds, many of which have 
close lamination, and by the abundance of real clay in the section. No 
evidence was seen of any interruption of bedding by cut-and-fill or by 
abrupt wedging out of layers; even the thinnest of the beds are remark- 
ably continuous. The rule of fine texture is broken by the abrupt appear- 
ance, in the upper part of the member about 3000 feet north from the 
mouth of Boulder Canyon, of a large mass of gravel with inclined bed- 
ding (Pl. 15, fig. 1). This coarse debris contains scattered river gravel, 
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but consists chiefly of angular fragments representing many rock types, 
especially pre-Cambrian crystalline rocks and younger porphyries and 
basalts. It is evident from the attitude of the beds that the gravel is 
the remnant of a fan-like body, built from the east, probably by drainage 
from the Black Mountains directly north of Boulder Canyon. Where 
the gravel mass rests on the clay beds, they are considerably disturbed. 
Wedging of the coarse debris to the west, in the midst of the clay and silt, 
shows that the body of gravel was built while the fine-grained sediments 


were accumulating. 
A detailed section of the fine-grained member, divided into thirty units, 


was measured a short distance west of the body of gravel. Of the 58 
feet total thickness, about 31 feet is described as clay. This proportion 
is remarkably large in a region where genuine clay is rare; it suggests 
unusual conditions of deposition. 


Exposures of the lowest member are too poor to permit detailed description. 
Several outcrops on the slope consist entirely of coarse cross-bedded sand, similar 
to that in the top member but with the addition of perceptible calcium carbonate 
as cement. As the upper bed, 17 feet thick, has clay, both above and below it, there 
is strong suggestion that the lowest member is similar in structure to the top mem- 
ber. One striking lateral variation in the material was noted. Directly north from 
the mouth of Boulder Canyon, beside the old Callville Trail, gray volcanic ash 
forms a low cliff on which numerous inscriptions have been cut, including dates 
almost as early as the building of Old Callville, in 1864. At the base of the cliff the 
ash appears almost without structure through a thickness of 10 feet. Higher beds 
are thin and include sedimentary material. This ash, which bears witness to vol- 
canic activity while the Chemehuevis deposits were accumulating, lies near the top 
of the lowest member; the typical thin-bedded clays and silts of the middle member 
are in the slope directly above the cliff. 

At the site of “Ragtown,” between Fortification Rock and Black Canyon, there 
are numerous outcrops of typical Chemehuevis sand and clay, some of them only 
35 feet above low-water stage of the river. Most of these exposures are in low ter- 
races surfaced with later river gravels, and, therefore, they furnish only limited sec- 
tions; but all of them reveal thick layers of cross-bedded sand alternating with layers 
of clay and silt. Along the gulch west of the townsite, blurred outcrops on the 
slopes show chiefly coarse sand. At the head of the gulch, on the east side of the 
isolated hill, the formation stands in bluffs that are undergoing rapid dissection. 
Seven principal “varves,” ranging in thickness from 10 to 25 feet, form a section, 130 
feet thick, reaching to altitude 1015 feet. Numerous thin layers of sand, silt, and 
clay are included, in alternations of smaller order. 

North of the road from Boulder City to the boat landing, near altitude 1100 feet, 
bluffs expose 30 feet of the formation, consisting chiefly of clay and silt or fine sand 
in alternating thin beds. At the top, beneath later wash gravel, is a layer of cross- 
bedded sand. 


Along the river east of Boulder Canyon, nearly all remnants of the 
formation display prominently the regular alternation of thick sand beds 
with thinner layers of clay and silt. About a mile west of The Temple, 
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south of the river, a remnant that is typical of many lies in an old valley, 
at about 1000 feet elevation (225 feet above the river). Nearly 100 feet 
of the weak deposits form dissected bluffs facing the river (Pl. 15, fig. 2). 
Clay layers, more resistant than the sand beneath, give the outcrop 
a step-like profile (Pl. 15, fig. 3). The sand is conspicuously cross-bedded, 
in individual layers only a few inches thick. Fine-grained sand in the 
section contains numerous thin platy lenses that are firmly indurated; 
and one layer of silt has abundant layered concretions, up to 2 inches in 
diameter, which in thin section reveal cross-bedding with steep foresets 
in this fine-grained sediment. 

About 3 miles north of Greggs Ferry, one of the largest remnants in 
the area is exposed in the south side of a prominent mesa east of the 
river (Pl. 5, fig. 1). There, the formation was deposited on a rough 
hill-and-valley surface, and, consequently, the thickness varies consider- 
ably, up to 400 feet (Pl. 3, sect. R-R’). In the lowest part of the rem- 
nant, 150 feet higher than the river, 20 to 40 feet at the base of the 
deposit consists chiefly of river gravel. The rest of the section consists 
of gigantic “varves” like those in the upper member at Callville, each 
made chiefly of cross-bedded sand, with silt and clay at the top. In the 
steep dissected slope, where the full section is exposed, twenty of these 
units can be counted. The top of the mesa, at altitude 1300 feet, is 
capped by 10 feet, or more, of river gravels, which are moderately ce- 
mented, to a depth of 2 or 3 feet, with calcium carbonate. The gravels 
lie above the thickest of the coarse sand layers, which has large-scale 
cross-bedding. Sand blown from the exposed section has covered much 
of the mesa top with dunes. 

Near the mouth of the Grand Canyon, several limited sections of the formation 
are exposed on both sides of the river; those on the south side lie near the 1100-foot 
contour, beneath a thick capping of river gravels. The following section was meas- 
ured southeast of Pierces Ferry. 


Unit Feet Inches 
Top of slope, altitude, 1165 feet 
16. Coarse cross-bedded 7 
CY, 10 
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Ficure 1. NAPOLEON’s TOMB AND THE WEST WALL OF THE CANYON 

Section, from base up, consists of (1) massive rhyolite tuff (25 feet exposed) cut by clastic dikes, 

(2) fanglomerate, grading (toward left) into tuffaceous sandstone, (3) dark landslide breccia, (4) 
fanglomerate (in lower part of Tomb), (5) Hualpai limestone (top of Tomb). 


Figure 2. THe TEMPLE 
View from the southwest. Hua!pai limestone caps The Temple and the mesa at the right. A sheet of 
basalt in the fanglomerate forms the first bench, 225 feet above the river. 


PLIOCENE (?) DEPOSITS SOUTH OF VIRGIN MOUNTAINS 
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Ficure 1. Detmar Butre 
Looking slightly east of north toward castle-like mass, made of jointed fanglomerate capped 
by Hualpai limestone. Bonelli Peak in the background. 


Ficure 2. GRAPEVINE WASH 
Looking south. Coarse fanglomerate (yielding boulders in wash), overlain by thick section 
of fine-grained clastic sediments. Distant mesa (1700 feet higher than foreground) capped 
with Hualpai limestone 


Ficure 3. BASALT FLOWS IN PLIOCENE (?) FANGLOMERATE 
Flows, 12 miles north of Pierces Ferry, thin toward the Grand Wash Cliffs (less than a mile 
to the right of the view). 


PLIOCENE (?) DEPOSITS IN EASTERN PART OF AREA 
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Unit Feet Inches 
16 


Covered slope 


This partial section has eight full “varves,” in the layers numbered (2) to (17). 
Layers (1) and (18) may be parts of two more units. The rhythmic character of the 
layering seen in this section is typical (Pl. 16, fig. 1). It is not probable that the 
gravel at the top belongs in the section, for its distribution in the vicinity indicates 
that it was deposited later, as the river cut down from a higher level. 

In another section, at almost exactly the same elevation, north of the river and 
slightly nearer the canyon, there are six full “varves” that range in thickness from 
5 to 15 feet. The two sections are about 3000 feet apart; and, although the number 
of “varves” is small for an attempted correlation, it is of some interest to compare 
as Many consecutive units as are available, starting at the same altitude, as nearly 
as could be determined with a good altimeter. The comparison appears in the 
accompanying table. 


TaBLe 1—Comparison of “varves” at 1100 feet altitude 


Locality 1 Locality 2 
(South of river) (North of river) 
Feet Inches Feet Inches 


(Layers described above as “clay” contain some silt) 


There is no assurance, of course, that the top units in the two columns are 
contemporaneous merely because they lie at the same altitude. Correspondence of 
several abnormal “varves” in the two sections would be required to establish any 
probable correlation. However, as the layers are essentially horizontal, probably the 
two groups of beds are approximately contemporaneous. Studied together, they 
emphasize the fact that the ratio of fine to coarse sediments was rather large near 
the canyon at the stage of valley-filling represented by this level in the formation. 
This fact requires attention in any attempt to explain the origin of the deposit. 
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Remnants of the formation in the Virgin Valley are less satisfactory for study 
than are the samples just described, partly because most of them are small, and 
also because they reflect the influx of much silt derived locally from the weak 
Muddy Creek formation, which floors a wide adjacent area. Every local storm 
would wash in quantities of this material, and the Virgin River, much weaker than 
the Colorado, would not so completely dominate the filling of its valley. However, 
the Chemehuevis deposits along the Virgin are in regular beds, some of which are 
suggestive of varves. One remnant northeast of the mouth of Muddy Creek is of 
particular intérest. It fills an old valley, several hundred feet wide, cut into the 
old river gravels, already described (p. 1442). The top of the remnant is at altitude 
1300 feet, where it is capped with later river gravels. 

In Las Vegas Wash the influence of the surrounding Pliocene(?) clay and siltstone 
is still more conspicuous. Much of the Chemehuevis deposit is thin-bedded and 
fine-grained, and some of the clay layers include considerable gypsum derived from 
the thick beds in the Pliocene(?) section. In the main wash, 8 miles from the 
river, fan and wash deposits overlap the horizontal Chemehuevis beds at altitude 
1300 feet. No remnants of the formation were seen at a higher level. 


Why did the Colorado drainage system, after cutting valleys almost 
identical with those that now exist, find it necessary to undo much of its 
work, by dropping an enormous volume of sediment, which later it has 
found the power to remove? Two hypotheses are readily suggested: 
that the Colorado River was ponded by a natural dam, perhaps formed 
of lava, or that some change, probably climatic, caused an overloaded 
condition of the stream for a considerable time. Expectations under the 
hypothesis of ponding are met by several features of the Chemehuevis 
formation. A stream bearing the great load of the present Colorado 
would drop its coarse sediments at the head of a still-water body. As 
the average gradient of the river below the Grand Canyon is only three 
feet per mile, the lake would lengthen upstream as the water level arose, 
and, therefore, sand and gravel, probably with deltaic cross-bedding, 
would eventually cover a continuous belt along the original stream course, 
throughout the length of the lake. An important factor determining the 
thickness of this coarse-grained basal deposit above Black Canyon would 
be the location of the dam; if it were far enough downstream to permit 
spreading of the water in the wide lowlands near Needles, headward 
lengthening of the lake might proceed at.a leisurely rate against the 
deltaic accumulation, which, thus, would attain considerable thickness at 
the base of the total section. 

Eventually, the head of the lake would reach its farthest point upstream, 
and a delta front would then advance systematically downstream, rapidly 
through the narrow canyons and much more slowly across wide basins 
like the Virgin-Detrital trough. Meanwhile, the finer sediments would 
settle in the deep downstream portion of the lake, building layers of silt 
and clay whose texture and thickness would reflect the volume and dura- 
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tion of individual floods. Near the delta front, each great flood would 
be recorded in a thick layer, consisting chiefly of sand grading upward 
into silt, with clay at the top to mark the succeeding low-water stage of 
the river. Such layers would be continuous, with variations in thickness 
parallel to the delta front; they would grow thinner, and the grain size 
smaller, with increasing distance downstream. Layers representing the 
annual spring floods would, in general, be thicker than those caused by 
sporadic summer storms. Complications in the sedimentary record would 
result from repeated floods in exceptionally wet seasons, or from local 
cloudbursts affecting tributary streams. Intermittent tributaries would 
build delta-fans, consisting largely of local angular detritus, like that in- 
cluded in the fine-grained member northeast of Callville (Pl. 15, fig. 1). 
The record formed by the Virgin River would be similar to that of the 
Colorado, but would be influenced more strongly by local sediments 
derived from the weak Muddy Creek formation. The advance of the 
deltaic fill down the valley of the Colorado would be accelerated in a 
constricted stretch like Boulder Canyon; therefore, in Callville Basin 
the section of thin-bedded clay and silt would be succeeded abruptly 
by thick coarser-grained units, as actually is the case. River gravels, 
excluded from a large part of the section, would be prominent at the 
top of the deltaic beds. After the river succeeded in breaching the dam, 
erosion of the weak deposits would be rapid. It is possible, however, that 
the outlet would be lowered by stages, and, thus, the river would have 
opportunity to plane laterally at several levels, forming gravel-capped 
terraces. 

A dam responsible for a deposit as recent and as extensive as the Cheme- 
huevis formation ought to be still in evidence, even if it has been breached. 
The writer made a reconnaissance survey of the river by airplane from 
the Boulder Dam to Needles, and later extended the search by car as 
far south as Parker. No evidence of a dam was found. Furthermore, 
remnants of typical Chemehuevis sand, silt, and clay extend as far as 
Parker, and probably much farther south. No trace of the formation 
remains in Black Canyon; but directly below, in the wider valley from 
Eldorado to Bulls Head, numerous areas of badlands in the weak yel- 
lowish strata reveal a twofold division strikingly similar to that in the 
Callville remnant.** Outcrops are less conspicuous in the much wider 
valley at Fort Mohave and Needles, where the river has done extensive 
lateral planing; but in the Chemehuevis Valley, between The Needles and 
the Whipple Mountains, dissected slopes reveal several hundred feet of 
the characteristic yellow and cream-colored deposits. There are many 


48W. T. Lee: Geologic reconnai of a part of western Arizona, U. S. Geol. Surv., Bull. 352 
(1908) pl. 3B. 
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similar remnants south of the Parker damsite. As the valley is wide for 
a long distance below Parker, there is little likelihood of a high dam in 
that stretch of the river. 

Lee states that the Chemehuevis deposits extend to the Gulf of Cali- 
fornia.** If this statement is correct, the formation was not the result 
of ponding; it must represent an overloaded condition of the river, prob- 
ably caused by an important climatic change. At first thought, some fea- 
tures of the formation appear out of harmony with this hypothesis. The 
Colorado River carries an abundance of coarse gravel; but the Cheme- 
huevis remnants contain little sediment coarser than sand. Moreover, 
the regular succession of thick “varves,” each capped with a clay layer 
that appears to continue laterally for a long distance without a break, 
suggests deposition in a continuous body of water rather than by the 
irregular mechanism of a shifting stream. The thick section of clay and 
silt in thin regular beds in the Callville remnant appears to bear similar 
testimony. If the three widely separated remnants that are capped by 
gravel at 1300 feet altitude represent the original iop of the formation, 
the completed fill formed a level plain and not the s!oping floor of a stream 
valley. All these points require examination. 

With regard to the gravel, possibly the uneroded formation had more 
coarse material than is indicated by remnants, most of which are at the 
valley margins. Moreover, a stream with a large overload would not 
distribute gravel nearly as efficiently as does the modern Colorado. Coarse 
debris delivered by a steep tributary would remain near the junction with 
the main stream, which would use up its power spreading sand and silt. 
At time of flood, water would spread over the entire valley floor, and so 
would distribute a nearly uniform layer of cross-bedded sand. As the 
water ran down, extensive sheets of nearly quiet backwater would remain 
for a time, and would drop silt and clay to complete a thick “varve.” 
A protected embayment like that northeast of Callville might remain free 
from coarse sediment until a considerable section of clay and silt accumu- 
lated; eventually, the current would sweep over this lower area, deposit- 
ing an unusual thickness of sand to restore the level. If the overload 
persisted as a chronic condition, there would be little modification of the 
deposits by cut-and-fill; the chief function of each flood would be to 
spread the new burden of sediment, and, thus, the preceding “varve” 
would be buried almost undisturbed over a wide area. Filling of the 
valley in this way would continue until the load of the stream decreased, 
perhaps because the earlier climate was restored. The stream would then 
begin to cut downward, and laterally, into the weak fill, and would once 
more transport quantities of coarse gravel. Halts in downcutting would 


“4 Op. cit., p. 18. 
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Ficure 1. OLD RIVER GRAVEL AND SAND 
Beds tilted 60 degrees away from fault, 2 miles northeast of Callville. Hammer (right of center) 
gives scale. 


Ficure 2. CONTORTED AND BRECCIATED GYPSEOUS BEDS IN SALT DOME 
Northeast of Black Salt Mine. 


EFFECTS OF LATE DEFORMATION 
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Figure 1. Fortirication FROM THE NORTHEAST 
View from terrace near Callville (the hill is 8 miles distant). Dissected beds of old river gravels (left). 
Several river terraces (right) have been made indistinct by later development of long slope toward 
river. 


FicureE 2. OLD RIVER DEPOSITS RESTING ON FANGLOMERATE 
Foreset beds dip outward from the center of an old fan. Other sections in the vicinity show the river 
gravels interfingering with the fanglomerate. Looking northeast, 3 miles west of Callville. (Photo 
by Eliot Blackwelder) 


OLD RIVER DEPOSITS 
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be marked by wide gravel-covered terraces, such as actually exist along 
the present river. 

A serious weakness of the ponding hypothesis lies in the absence of 
large-scale foreset beds, such as the Colorado in flood certainly would 
have built into a deep lake. All individual thick layers of sand in the 
formation are essentially horizontal, even in the high remnants near the 
Grand Canyon (PI. 16, fig. 1). Cross-bedding in the layers is of small 
scale and complex; it reflects shifting currents in running water. Repeti- 
tion of this structure through a section, hundreds of feet thick, indicates 
steady building up of a stream bed and not deposition in deep, quiet 
water. Future study of the problem should seek to test further the pos- 
sibility of ponding; but the sum of present evidence does not favor it. 

Little weight can be attached to the 1300-foot level represented by 
three scattered remnants. Indeed, there is strong suggestion that the fill 
reached an altitude of more than 1500 feet in Black Canyon. During his 
investigation of the damsite, Ransome discovered large fresh potholes 
cut into the hard volcanic rocks at the top of the canyon walls, 900 feet 
above the river.*® It is extremely improbable that these fresh marks of 
stream erosion have persisted since the original cutting of the canyon 
began. More plausibly, the Chemehuevis deposit filled the canyon, and, 
when the river started cutting down again, it formed temporary falls or 
rapids over ledges at a high level, before it became fully adjusted to 
its old course. 

No direct evidence was found to fix the date of the formation. Some 
layers of sand contain silicified tree trunks, but the preservation is too 
poor to permit specific identification.** The core of a bison’s horn, im- 
bedded in the upper sandy member near Callville, is the only animal 
fossil found in the formation; it was examined by R. S. Lull, who pro- 
nounced it of no specific value.‘7 The formation appears to be much 
younger than the beds of old river gravel, which were deformed and 
greatly eroded before the Chemehuevis deposits were laid down. Pos- 
sibly, the overloading of the river occurred in the late Pleistocene, as 
a result of glacial conditions in the Rocky Mountains and a more pluvial 
climate in the arid Southwest. No doubt, the run-off was greater at that 
time than at present, but the volume of detritus brought to the river may 
have risen disproportionately. A moderate increase of rainfall in the 
arid and semi-arid drainage area would have increased the rate of erosion 
and transportation by intermittent tributaries, without adequate com- 
pensation in creating a protective cover of vegetation. Glacial debris fed 


46F. L. Ransome: Ancient high-level potholes near the Colorado River, Sci. n. s., vol. 57 (1923) 


p. 593. 
46 Personal communication from Dr. R. W. Brown, who kindly examined specimens of the wood. 


47 Personal communication. 
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into the headwaters of the Colorado may have been a considerable item 
in the total load. As the subject of origin is speculative, it may even 
be suggested that the Chemehuevis formation resulted at the very close 
of the Pleistocene, when the Colorado was swollen with water bearing 
abundant sediment from the wasting ice, and when the climate, changing 
toward greater aridity, reached an optimum for supplying an overload 
of sand and finer sediments. Until the formation can be dated with some 
precision by internal evidence, its relation to Pleistocene climate can be 


no more than a guess. 


Terrace gravels—Large quantities of typical Colorado River gravel 
lie at various elevations above the present stream level. Generally, the 
gravel underlies definite terraces; but there are also many isolated patches 
that presumably represent terraces destroyed by erosion. In thickness, 
the gravel deposits range from thin veneers to continuous sections meas- 
uring 200 feet or more. Considered as a whole, these high gravels resem- 
ble, in all particulars, the coarse deposits in the bed of the present stream. 
Many varieties of pre-Cambrian, Paleozoic, and Tertiary rock types are 
represented. Most of the pebbles are smooth from abrasion, although 
the degree of rounding varies considerably, doubtless reflecting differ- 
ences in distance of travel as well as in resistance to wear. Sizes range 
from exceptional boulders, more than a foot long, down to the smallest 
pebbles. In favorable outcrops the flattish pebbles overlap shingle-like, 
with axes pitching upstream; this arrangement is conspicuous, also, in 
the modern gravel bars. 

Less than 100 feet above the present stream grade, the gravels appear 
as fresh as those in the modern channel. Thus, the material taken in 
large quantities from the 75-foot terrace, for use in the Boulder Dam, 
shows practically no effects of weathering. With increasing height above 
the 100-foot level, however, effects of long exposure grow more and more 
conspicuous. Two hundred feet above the river, many pebbles of granitic 
rock are disintegrated, and those of limestone have yielded to solution, 
until they are wafer-thin. On top of Delmar Butte, at altitude 1525 feet 
(750 feet above the river), gravels in a remnant, 6 to 10 feet thick, show 
the maximum observed effects of weathering. Pebbles of granite and 
of metamorphic rocks can be crumbled with the fingers, and those of 
limestone are so greatly corroded that bands of chert and silicified fossils 
project prominently beyond the general surface. This remnant is the 
highest found in the area; several others, of considerable size, lie 400 to 
600 feet above the river. In the Virgin Valley, there are few remnants 
at high levels, probably because the weak Muddy Creek formation has 
yielded rapidly to erosion, and the high terraces have been destroyed. 

Many of the gravel remnants lie on the Chemehuevis formation; there- 
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fore, they represent stages in the final lowering of the stream channel to 
its present position. The highest observed gravels that definitely are 
post-Chemehuevis are at altitude 1300 feet (475 feet above the river), 
in the high remnant north of Greggs Ferry (PI. 5, fig. 1). Possibly some 
of the high remnants that lie on Pliocene(?) and older bedrock antedate 
the Chemehuevis deposits. At two localities in Greggs Basin the latter 
deposits rest on coarse gravel; at one place the contact is 50 to 60 feet, 
at the other about 150 feet, above the river. Unless the two types of 
deposit are together, there is no assurance of relative age, although pre- 
sumably all of the gravel in wide terraces at low and moderate elevations 
is post-Chemehuevis. 


Recent deposits —At low-water stage, numerous bars and small islands, 
composed chiefly of gravel, are exposed in the channel of the Colorado. 
Similar sediments lie on low flats outside the channels that are flooded 
when the river is high. The coarsest material is found directly below 
canyons in the stream course, or, more particularly, below the mouths 
of tributaries that have steep grades through rocky terrane. Each large 
tributary delivers coarse debris faster than the main stream can remove 
it; the surplus forms a delta-fan, which impedes the course of the Colo- 
rado, forming a rapids below a stretch of quiet water. All the rapids 
between the Grand Canyon and Black Canyon are of this type, and do 
not involve bedrock. 

Considerable sand and silt are found on low flats inside bends in the 
river, such as the great bend in Callville Basin. These fine-grained sedi- 
ments are dropped in slack water outside the channel, when the stream 
is in flood. During the long intervals between floods, the wind whips 
up much of the sand to form dunes, some of which are far above the 
reach of high water. 

During the investigation of damsites, the thickness of sediments in the 
channel was determined by diamond-drill borings in Boulder and Black 
canyons. Near the head of Boulder Canyon, the depth of bedrock below 
the waten surface was 158 feet; ** as the water at low stage is only a few 
feet deep, the sedimentary fill is approximately 150 feet thick. At the 
site of Boulder Dam, in Black Canyon, the thickness was more than 100 
feet.*® Excavation for the dam revealed a narrow inner gorge, 30 to 
50 feet deep, cut into the nearly flat floor of the canyon (PI. 17, fig. 1). 
In the lower part of this gorge, and, therefore, buried under nearly the 
full thickness of fill, a sawn timber was discovered.®® From this occur- 


48. C. LaRue: Water power and flood control of Colorado River below Green River, Utah, U. 8. 
Geol. Surv., Wat. Sup. Pap. 556 (1925) p. 28-29. 

49 Op. cit., p. 29, pl. 10. 

8 Walker D. Young: personal communication. 
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rence, it is inferred that during great floods the silt and gravel in the 
bed of the stream is set in motion to great depths. It seems improbable, 
however, that any appreciable cutting of bedrock is accomplished at the 
base of fill as thick as that in Black Canyon. On the walls of the inner 
gorge, cut into resistant andesite breccia, there are large vertical flutings, 
presumably cut by the stream pouring over a falls that receded upstream 
while the inner gorge was being excavated below the earlier canyon floor 
(Pl. 17, fig. 2). The sharp edges of columns between the flutings indicate 
that there has been no abrasion of the walls by horizontal movement of 
sediment in the stream bed. 

The wide channel of the Virgin River is floored chiefly with sand (PI. 
9, fig. 1). Flow of the stream in the lower part of the valley is not con- 
tinuous; water covers the bottom of the channel only after sporadic floods, 
and, ordinarily, there is not sufficient power to move an extensive load 
of gravel. However, the thick section of old gravels near the mouth of 
Muddy Creek shows that the stream moved an abundance of coarse 
debris in the past. Probably, the character of the load varies greatly 
during the year. The largest floods erode the sandy stream bed and trans- 
port considerable gravel that is buried beneath it. As the supply of water 
diminishes, the stream becomes overloaded and again floors its channel 
with sand, which the smaller floods are not able to remove. A large part 
of the sediment acquired by the stream in its lower course comes from 
the Muddy Creek formation and is, therefore, fine-grained. 

Most of the intermittent washes that enter the Colorado have abundant 
gravel in their channels, although some, whose drainage area is confined 
to the Muddy Creek formation, are floored chiefly with sand, silt, and 
clay. Channels draining high areas of hard rock carry boulders of large 
size. In contrast with the rounded Colorado River gravels, the wash 
debris is conspicuously angular. 


STRUCTURAL FEATURES 
FAULTS 


All the large faults in the area have a general northerly trend. East 
of the Virgin Range, the trend is east of north; in the Black Mountains, 
it varies from nearly north to northeast for all the principal faults except 
the one along Boulder Wash, which strikes northwest. There is indirect 
evidence of a large northwesterly fault at the base of the Bonelli Peak 
mass; probably, it curves to the north, along the west base of the Virgin 
Mountains. Numerous small faults strike in various directions. Only 
faults on which displacement is at least several hundred feet are shown 
on the maps (Pls. 2, 3, 4, 21). 
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Ficure 1. MAss OF COARSE GRAVEL WITH INCLINED BEDDING 
Lying in the midst of Chemchuevis clay and silt, northeast of Callville. Looking southwest. 


Ficure 2. REMNANT OF CHEMEHUEVIS DEPOSIT 
Preserved in old valley cut into Pliocene (?) fanglomerate. A mile southwest of The 
Temple. 


Figure 3. oF CHEMEHUEVIS REMNANT 
Clay layers are more resistant than the thicker sand layers. 
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B= 
; 


LONGWELL, PL. 16 


BULL. GEOL. SOC. AM., VOL. 47 


STIVLaAG 


Burpnyjour 4yrun yous JO “doy ye 
SHAUVA,, 


40 


STRUCTURAL FEATURES 1457 


A feature of particular interest is the Grand Wash fault, which has 
appeared on maps of the region since it was represented and discussed 
by Dutton.** On his maps, Dutton drew the fault at the base of the 
Grand Wash Cliffs, from the northern part of the Virgin Mountains to 
a point far south of the river, and showed Triassic rocks in the dropped 
block against Paleozoic strata in the cliffs. Probably, he extrapolated 
southward the structural relations observed in the Virgin Mountains. 
Lee drew the fault in essentially the same position, but showed, in the 
Grand Wash trough, “Tertiary and Quaternary” deposits at the top of 
the dropped block.*? Darton’s mapping of the fault is similar to Lee’s.** 
Judging from references in the literature to the Grand Wash area, there 
appears to be a widespread impression among geologists that great move- 
ment occurred on the fault during the latest uplift of the Colorado Plateau, 
and that all sedimentary deposits in the Grand Wash trough, except recent 
talus and wash debris, are in fault contact with Paleozoic strata in the 
cliffs. It was with some surprise, therefore, that the writer failed to find 
any direct evidence of the fault at the base of the cliffs, although par- 
ticular search was made at the mouth of the Grand Canyon and for 
several miles on each side. 

At the mouth of the canyon, coarse, cemented fan deposits, well exposed 
in cliffs on both sides of the river, overlap the eroded pre-Cambrian and 
Paleozoic rocks (PI. 19, fig. 1; Pl. 3, sect. T-T’). The deposits are part 
of the thick basin fill of the Grand Wash trough; the coarse debris was 
derived from the Paleozoic formations in the Cliffs, and it filled deep 
valleys, eroded into the margin of the plateau during an earlier stage of 
the basin cycle. Directly north of the river the overlap extends eastward 
at least three-fourths of a mile. Eight or ten miles north of the river, 
the fanglomerate lies in partially re-excavated valleys nearly a mile east 
of the westernmost Paleozoic outcrops. South of the river the sinuous 
contact rises in altitude, and clastic deposits in the trough are succeeded 
by Hualpai limestone, which is welded to the older limestones in the 
Cliffs so intimately that the exact contact is difficult to find. Between the 
Cliffs and Tassai Ridge the basin deposits appear to be unbroken by 
faulting. Therefore, the Grand Wash fault is older than these deposits, 
which accumulated before the Colorado River came into the region. 

Evidence for the reality and the magnitude of the fault is found in 
Tassai Ridge, where the upper Paleozoic formations dip steeply eastward. 


51.C, E. Dutton: Tertiary history of the Grand Canyon district, U. 8. Geol. Surv. Mon. II (1882) p. 


2, 12, 19, 23, 42; atlas sheet III. 
82 W. T. Lee: Geologic r issanc e of a part of western Arizona, U. 8. Geol. Surv., Bull. 352 (1908) 


p. 9-80; map. 


53N. H. Darton and others: Geologic map of the State of Arizona, Ariz. Bur. Mines and U. S. Geol. 
Surv. (1924). 
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Along the east base, the Kaibab limestone has an average dip of 30 
degrees, from the river to the north end of the ridge. The probable posi- 
tion of the fault is about 314 miles east of the ridge. By projecting the 
dip uniformly to this position, the top of the Kaibab is carried to a level 
about 10,500 feet below the floor of Grand Wash trough. As the same 
horizon on the plateau lies 5500 feet above the river, the throw of the fault 
by this computation is about 16,000 feet. Dutton’s estimate of 6000 feet ** 
either was based on observations farther north or did not take account 
of dip in the dropped block. It is possible, of course, that more than one 
fault lies between Tassai Ridge and the Cliffs, in which case the total 
throw is distributed. 

Reliable fossil evidence from the basin deposits of Grand Wash trough 
would have critical value, as it would set an upper date for the last impor- 
tant movement on the fault. If the deposits were formed in Pliocene 
time, there has been no post-Tertiary movement. Whatever the age of 
the section including the fanglomerate and the Hualpai limestone, it accu- 
mulated in an interior basin that presumably was formed by faulting, 
long before the birth of the Colorado River. Dating of the Tassai Wash 
group of strata would afford a lower limit to the age of the fault, for 
the strata dip parallel to the Kaibab limestone. 

The fault west of Tassai Ridge is here called the Tassai fault; as it 
crosses the mouth of Grand Wash, the name Grand Wash fault would be 
appropriate, if this name had not by long usage become attached to the 
buried fault east of the ridge. South of the river the scarp of the Tassai 
fault is high and steep (Pl. 19, fig. 2). Near the base of the scarp, 
polished surfaces are exposed, dipping 60 degrees westward. The hang- 
ing-wall block is complicated by drag and by minor faulting. Half a 
mile to the west, the Kaibab limestone dips 30 degrees toward the fault; 
but near the base of the scarp the same formation, as well as fanglomerate 
and tuff beds above it, dip 25 degrees westward and are cut by a fault, 
probably with small throw, that dips eastward (PI. 21, sect. T-T’). North 
of the river the beds of Pliocene(?) siltstone and fanglomerate dip toward 
the fault scarp, at angles up to 20 degrees, but there is no exposure of the 
fault itself. Near the river the throw, as measured by the stratigraphic 
displacement, is more than 5000 feet. No attempt was made to trace this 
fault to its southern limit. 

West of the Tassai fault the eastward dip of the Paleozoic strata in the 
hanging-wall block steepens steadily to Iceberg Canyon (PI. 21, sect. 
T-T’), where another important fault follows approximately the course 
of the river. The Iceberg fault is exposed much better than any other 
in the area. Except for a short distance, where it is concealed by the 


&% C. E. Dutton: op. cit., p. 19-20. 
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river, the outcrop of the fault can be followed almost continuously for 
3 miles in the canyon and more than a mile north of the bend in the 
river (Pl. 21). Exposures are particularly good where the trace of the 
fault lies on the west side of the canyon and a short distance above the 
river (Pl. 19, fig. 3). The footwall contains pre-Cambrian gneiss and 
pink granite, above which the lower Paleozoic formations dip almost uni- 
formly eastward, at an average angle of 60° or 65°. In the hanging wall 
are the rather thin Pennsylvanian(?) limestone and sandstone strata, 
which have a general eastward inclination of 65° or 70°, but curve near 
the fault to a much gentler dip (Fig. 7). Deep tributary canyons enter- 
ing from the west give excellent views of the fault zone in three dimen- 
sions. The steepest dip of the fault observed within Iceberg Canyon is 
15 degrees; in some places, it is not over 5 degrees. A layer of gouge, 
locally as much as 10 feet thick, consists of reddish compressed clay in 
which are imbedded small fragments of Paleozoic limestone and sand- 
stone, as well as pre-Cambrian gneiss and granite. The gouge is cut by 
innumerable irregular slickensides, and, in general, has highly polished 
upper and lower surfaces separating it from coherent bedrock. 

The general strike of the fault is N 20° E. At its southernmost expo- 
sure, it turns abruptly to the southwest and west, and disappears beneath 
recent wash deposits and Pliocene(?) breccia that mantle pre-Cambrian 
bedrock in a wide area (Pl. 21). The abrupt change in bedrock west of 
the river at this point, as well as the abrupt turn in strike of the fault, 
give the impression that the general direction of the fault changes toward 
the west. At the point of inflection the fault divides around a slice of 
older. Paleozoic limestone (Pl. 3). The dip steepens abruptly to 50 
degrees as the strike turns toward the southwest. 

Along the west side of Iceberg Canyon the flat attitude of the fault is 
reflected in its sinuous trace as it crosses tributary valleys. If the steepest 
dip seen along this stretch (15 degrees) is projected upward, the projected 
plane intersects the slope on the footwall block east of the river (Fig. 7). 
It is inferred, therefore, that the fault had a steeper dip at a higher level. 
This inference is supported by observational evidence north of Iceberg 
Canyon, where the hanging-wall block, better preserved than in the can- 
yon, includes the Supai formation and the Kaibab limestone. The fault 
emerges from the river with a dip of 20 degrees, which steepens to 30 
degrees higher in the canyon wall. Locally, the fault divides into three 
parts, around two slices of older strata (Pl. 21, sect. T-T’). Half a mile 
north of the river the Kaibab limestone, near its contact with the fault, 
dips only 20 degrees as a result of drag. Farther north the fault dis- 
appears under a cover of Pliocene(?) fanglomerate. 
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The Grand Wash, Tassai, and Iceberg faults form a related group. 
They are essentially parallel in strike, and they bound blocks that have 
been strongly rotated. In cross-section, the Iceberg fault surface is con- 
cave toward the west. No evidence is available on this point for the other 


Sea Level 


Ficure 7—Section across Iceberg Canyon 
Showing fault relations. If the fault is projected upward without change of dip, it does not clear 
the foot wall. Horizontal broken line at high-water level of reservoir. (See also section S-S’ on 
Plate 3.) 


two, but the strong rotation of all the blocks suggests that all the faults 
have this concave form. The Virgin Mountain block, west of the Iceberg 
fault, has experienced the greatest rotation, as attested by the high east- 
ward dip of the strata on its eastern flank. There is similar testimony 
in the vast quantities of coarse detritus carried from the pre-Cambrian 
area of the Virgin Mountains and spread out in the Pliocene(?) fan 
deposits; this flood of debris buried the two blocks east of the Iceberg 
fault, and accumulated to great depth in the basin directly west of the 
plateau. If the eroded mountain block were restored, it would tower 
far above the highest parts of the plateau directly east of it. Thus, when 
the faulting movement is considered as a whole, depression to form the 
Grand Wash trough is no more impressive than is elevation of the Virgin 
Mountains. 

The Tassai fault is the only one of the three that is known to have dis- 
turbed Pliocene(?) strata. There is reason to believe, however, that 
these strata are near the base of the section (p. 1437); possibly, there- 
fore, no movement has occurred on any of these faults since the section 
of basin deposits in the Grand V’ash trough was completed. Burial of 
the Grand Wash fault and the north end of the Iceberg fault by Plio- 
cene(?) fan debris suggests that most of the displacement occurred 
before, and during, the time of fan-building. 
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Possibly, the Tassai fault is continuous southward along the east side 
of the Hualpai limestone area east of Greggs Ferry; the fault in that 
position is directly in line with the Tassai fault. No opportunity was 
found to examine the structure of the high Paleozoic mass east of Iceberg 
Canyon, and, therefore, the fault east of the old ferry site is here called 
the Hualpai fault, for it extends far to the south, along the east side of 
the Hualpai Valley. Along Hualpai Wash, the Hualpai limestone dips 
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Ficure 8.—East end of section east of Greggs Ferry 


Fault near base of steep slope was not seen, but evidence for it is conclusive. Position of the other 
fault is more hypothetical. (See Figure 4.) 


gently eastward. East of the wash the dip gradually reverses, and, in 
a belt several hundred feet wide at the east side of the limestone area, 
the limestone dips westward at angles up to 50 degrees or more. There 
is further evidence of the fault in the straight base of the high pre- 
Cambrian ridge that forms the east side of the valley. Talus obscures 
much of the contact with the limestone, and the fault is exposed only 
in small canyons cut by tributaries of Hualpai Wash. Farther north, 
east of the Gregg Ranch, the fault is more obscure; but there is indirect 
evidence of it in the Hualpai limestone, as already explained (p. 14383). 
Strong bending of the Cambrian sandstone and steep tilting of fanglom- 
erate indicate important faulting, 2 miles east of Greggs (Fig. 8). It is 
probable that faulting was in progress while the Hualpai limestone was 
accumulating, and, possibly, there was renewed movement at a much later 
date. About a mile east of the Gregg Ranch the thin layers of clay and 
silt in a large remnant of the Chemehuevis formation dip 10° to 12° east- 
ward. No other evidence that this formation has been disturbed was 
found in the entire area of the survey. 

Although the Iceberg fault turns westward away from the river at the 
south end of the canyon, another fault appears on the east side of the 
river, about a mile farther south (Pl. 3). The coarse red pre-Cambrian 
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granite, which is exposed over a considerable area directly west of the 
river, is thrown up against Paleozoic limestone, on a fault that strikes 
slightly east of north and dips 70 degrees westward (Fig. 9). The throw 
is at least several hundred feet, for the Cambrian sandstone and shale, 
as well as the dark mottled limestone directly above them, are concealed, 
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Fiaure 9—Reverse fault near south end of Iceberg Canyon 


and the granite rests against limestone higher in the section. The fault 
passes beneath the river, both north and south of the exposure, and its 
extent is not known. Certainly, it is absent, or unimportant, in Iceberg 
Canyon; but, possibly, it continues south into Greggs Basin, under cover 
of Pliocene(?) and younger deposits. 


Evidence of a steep scarp buried by the Hualpai limestone south of Virgin Canyon 
has been presented (p. 1432). As the scarp trends northeast and faces southeast- 
ward, conceivably it represents the continuation toward the southwest of the reverse 
fault described in the previous paragraph; if this is true, the Colorado River follows 
a zone of faulting almost continuously for 12 miles, from the upper part of Iceberg 
Canyon to the mouth of Hualpai Wash. 

Many faults affect the Pliocene(?) rocks in the Virgin-Detrital trough, but, within 
the area of the survey, most of them are small. In the valley erroneously labeled 
“Salt Spring Wash” (PI. 3), a fault that strikes N 25° E breaks the beds of coarse 
fanglomerate and a thick included sheet of basaltic lava; the throw is at least 300 
feet. About 2 miles southwest of Temple Bar, a group of faults with northwest 
strike are conspicuous from their effect on tilted sheets of basalt and beds of tuff. 
The maximum throw is 200 or 300 feet. Probably, this belt of faults is several 
miles long, for the Hualpai limestone south of Napoleon’s Tomb is thrown down 
on a fault striking northwest (PI. 3, sect. M-M’). Perhaps, stresses responsible for 
the faults in this group were incidental to downthrow on a great fault at the south- 
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west base of the Bonelli Peak mass, evidence for which was presented with descrip- 
tion of the Pliocene(?) deposits (p. 1425, 1430-1431). 

Several faults of moderate throw cut the warped sheets of basalt near the mouth 
of the Virgin River. A few miles farther north, east of the river near the Lower 
Narrows, two conspicuous faults strike slightly east of north (Pl. 4); both break 
the basalt flows south of the Black Salt Mine, with downthrow on the west. The 
throw of the larger (western) fault increases to the north, but probably it does not 
exceed a few hundred feet at most; the fault passes under the river alluvium, and 
its full extent cannot be determined. 

A few faults, which break the Muddy Creek formation in the Virgin Valley, have 
indeterminate throw, for there are no key beds to be used as horizon markers. 
Practically all these faults appear to be related to salt domes and anticlines, which 
are discussed later. 


Several major faults and numerous smaller ones are exposed in the sec- 
tion of the Black Mountains along Boulder Canyon. Two of these faults, 
one at the head, and the other at the mouth, of the canyon, mark the east 
and west borders of the range, which thus has the form of a large horst. 
Intermediate faults divide this part of the range into two subordinate 
horsts of pre-Cambrian rocks, separated by a graben block made chiefly 
of younger igneous rocks (PI. 21). 

From the river the Boulder Wash fault follows the wash with a nearly 
straight northwesterly strike, for a mile and a half (Pls.2,21). It is offset 
slightly at the intersection with a minor fault from the east, and curves 
strongly to the west to intersect a large north-south fault near the sharp 
bend in the wash. North of the bend, where the valley widens, recent 
debris obscures the structure. Throughout this part of its course the fault 
dips northeastward at angles ranging from 55° to 75°. In the hanging 
wall, Pliocene(?) gypsum, breccia, and voleanic rocks dip strongly toward 
the fault, but are dragged up sharply along the fault surface; the foot- 
wall block consists, chiefly of the northward-dipping strata of the Boulder 
Wash group, and of the underlying pre-Cambrian crystalline rocks near 
the river. There is no basis for estimating the throw of the fault; but the 
strong effects on even the thickest-bedded members of the Boulder Wash 
group, which normally dip northwest but adjacent to the fault have been 
dragged to a strike almost parallel with the fault, indicate large displace- 
ment (Pl. 2, sect. H-H'-H’). 

South of the river the dip of the fault is only 30 degrees, and at least the upper- 
most part of the Pliocene(?) section appears to have been deposited against the 
scarp, without subsequent movement on the fault. Moreover, there is disturbance 
of the strata in line with Boulder Wash, suggesting that the fault divides near 
the river, and that the most recent movement occurred along the eastern branch. 
Recent gravels cover the critical area farther southeast, but there is strong suggestion 
in the structure of the Pliocene(?) strata that the eastern branch of the fault con- 
tinues at least 2 or 3 miles southeast of Boulder Rapids (PI. 2, sect. I-I’; Pl. 21). 
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No doubt, the western branch extends much farther south along the base of the 
range, but it is concealed by fan debris. 

Several distinct faults cut the granitic rocks in the deepest part of the canyon, 
which extends about a mile and a half below the mouth of Boulder Wash. Most 
of these faults strike slightly east of north, and dip westward at angles ranging 
from 35° to 70°, or more. The faults appear in both of the canyon walls, and 
some are marked by zones of crushing that have been eroded to form re-entrants, 
or even steep tributary canyons. Displacement on all the faults, as shown by their 
effects on the base of the Boulder Wash group north of the canyon, is small or 
moderate. Many joints, also, are prominent in the canyon walls; those in the most 
conspicuous set dip about 35 degrees westward, and others are nearly vertical. 


About a mile and a half downstream from the head of the canyon, 
an important fault that strikes nearly north marks a conspicuous change 
in topography and in lithology, as well (Pls. 2, 21). Deep canyons have 
developed along the main fault, both north and south of the river. Strong 
drag in the footwall is indicated by the steep dip toward the fault of 
the Boulder Wash strata north of the river. The hanging-wall block 
north of the canyon consists of a thick sill-like mass of Tertiary(?) 
andesite porphyry, which, near the river level, makes intrusive contact 
with limestone and sandstone strata like those in the Boulder Wash group. 
Directly south of the river the fault divides into diverging branches that 
separate blocks with diverse lithology (Pl. 2, sect. F-F’). Adjacent 
to the main fault lies a narrow block of tilted Cambrian sandstone and 
shale whose relation to underlying crystalline rocks is obscured by igneous 
intrusive bodies. West of this block is another, containing not only the 
Cambrian sandstone and shale but also a thick section of Paleozoic lime- 
stone. Sills of andesite have caused local metamorphism, and irregular 
intrusive bodies cut the lower part of the block. The next block to the 
west, which is dropped as a graben, has, at the top, several hundred 
feet of water-laid breccia whose constituent fragments consist of andesite 
porphyry. At the base of this block is the porphyry mass that lies 
north of the river; engulfed in it are large masses of contorted sandstone, 
apparently from the thin-bedded member of the Boulder Wash group. 

It is not known how far these digitate faults continue to the southwest. 
If the topographic evidence is trustworthy, the main fault continues 
southward as an important feature for several miles, forming the west 
side of a long narrow horst made of pre-Cambrian granitic rocks. North 
of the river the fault is clearly marked to the sharp bend in Boulder 
Wash, where it either merges with, or ends against, the Boulder Wash 
fault. Directly south of the bend there is a zone, hundreds of feet wide, 
in which the rocks have been crushed to incoherent bits. 


Many faults cut the thick section of porphyry sheets along the middle segment 
of Boulder Canyon, but it is difficult to estimate the displacement on any of them. 
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The porphyry sheets make a graben block, about 3 miles wide, which is bounded 
on the west by a large north-south fault that dips eastward. This fault is offset 
prominently by another that strikes northwest and dips southwest (Pl. 2). The 
throw of the main fault is great, for the hanging-wall block south of the river 
consists of andesite to an altitude at least 1200 feet above the river, and the 
footwall is made entirely of pre-Cambrian metamorphic rocks. The extent of the 
fault to the north and south was not determined. Its dip is 45° to 50°, and, as 
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Ficurp 10—Callville fault 
South of mouth of Boulder Canyon. 


its trace is offset about 600 feet by the northwesterly fault, the throw of the latter 
is approximately 600 feet in this part of its course. 

Less than a mile east of the mouth of Boulder Canyon, several faults with 
northerly strike bound and intersect a block of buff-colored fanglomerate similar 
to that in the Pliocene(?) section of Callville Basin. This block, which lies directly 
south of the river, is elongate from north to south and measures more than half 
a mile in greatest dimension. A complex zone of faulting along the west side of 
the block appears to have caused great downward displacement of the fanglomerate, 
with westward tilting of the hanging wall. Another fault, less than half a mile 
to the east, strikes N 25° E and dips 70° southeastward. A wide zone of shearing 
and crushing indicates important movement; but, as all the rocks affected are 
pre-Cambrian, no estimate of the throw is possible. 


The Callville fault, at the west base of the Black Mountain pre- 
Cambrian block, probably was active during the Pliocene(?) sedimenta- 
tion and also experienced large subsequent movement. A high scarp 
marks the upthrow side of the fault, from Fortification Hill to a point 
2 miles north of the river (Pl. 1). At the base of the scarp south of the 
river, beds of coarse fanglomerate in the hanging wall dip steeply west- 
ward as a result of drag (Fig. 10). At several points where canyons cross 
the scarp, the actual fault surface is exposed; it dips 65° to 70° to the 
west. Directly north of the river the Chemehuevis deposits lie against 
the scarp and show no effects of movement. Farther north, where the 
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fault bends strongly northeastward and crosses a tributary valley, Plio- 
cene(?) gypsum beds are nearly vertical against the fault, and a thick 
section of early Colorado River gravels that are unconformable on the 
gypsum dip 60 degrees or more, northward (Pl. 2, sect. E-E’; Pl. 13, 
fig. 1). Thus, the latest movement on the fault occurred during the life 
of the river but before the formation of the Chemehuevis fill. The fault 
extends farther to the northeast, but its course was not traced farther 
than shown on the map. 

South of the river, a branch of the Callville fault extends southwest, 
across the wide slope north of Fortification Hill. From an airplane, this 
appears to be marked by a broken fan surface, as if recent displacement 
had occurred. The trace of the fault shows clearly on the large airplane 
photograph of the area that is on exhibition in the administration building 
of the Reclamation Service in Boulder City. From examination on the 
ground, however, it appears that the low scarp crossing the fan slope 
is the result, not of direct movement but of differential erosion. Wash 
channels, incised into the slope, furnish good exposures of the fault, which 
dips steeply to the southeast. Pliocene(?) fanglomerate in the hanging 
wall has moved upward against old river gravels in the footwall; thus, 
the fault is a steep reverse fault (Pl. 2, sect. D-D’). If the long slope 
north of Fortification were actively aggrading, doubtless the fault would 
be without topographic expression. However, the slope has been under- 
going degradation for a considerable time, as shown by partial dissec- 
tion of river terraces at several levels and by deep incision of stream 
channels (PI. 14, fig. 1). The river gravels in the footwall have yielded 
somewhat more rapidly than have the fanglomerate in the hanging wall, 
and the resulting break in the profile of the slope simulates an initial 
fault scarp. Remnants of the Chemehuevis formation that lie across the 
fault show no disturbance. 

The fault was not traced continuously across the slope; but, directly 
west of Fortification Hill, a steep reverse feult runs northeast from the 
river, in line with the fault just described. The evidence of airplane 
photographs leaves no doubt that the fault is continuous, as shown on the 
map (Pls. 2,21). Along the southwestern part of its course, Pliocene(?) 
fanglomerate and basalt are in the footwall, and older Tertiary(?) 
igneous rocks in the hanging wall (PI. 2, sects. A-A’ and B-B’). The fault 
cannot be traced west of the river. A normal fault, with downthrow on 
the north, extends across the river south of Fortification Rock (Pl. 2); 
the throw is at least several hundred feet. Another normal fault hinges 
out toward the southwest, in Fortification Rock. These normal displace- 
ments probably are related to the synclinal subsidence in the basin north 
of Fortification Rock (Pl. 2, sect. B-B’). 
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The Callville fault probably continues along the west base of the Black 
Mountains, far south of Fortification Hill. Evidence seen in a brief 
reconnaissance indicates that at the east end of the hill the scarp is 
buried by Pliocene(?) fanglomerate and the overlying basalt (PI. 2, sects. 
A-A’ and B-B’). However, along that end the basalt sheets are turned 
up locally to a steep westward dip, as if they, also, had been affected 
by the faulting. Certainly, there has been strong post-Pliocene(?) move- 
ment on the fault north of the river (Pl. 2, sect. E-E’); but possibly this 
was in connection with reverse movement on the southwest branch, and 
the main fault near Fortification has not been active within the life- 
history of the Colorado River. There is some suggestion that the portion 
of the fault north of the river also dips steeply eastward, although the 
fault surface was not seen in that section. At one locality the beds of 
river gravel on the northwest side of the fault are turned up to a vertical 
position. So far as the latest movement is concerned, therefore, the 
north end of the fault may be a continuation of the southwest branch. 
If the Callville fault were normal throughout its length, the reverse 
movement on the southwest branch would appear anomalous. 

No evidence was found of any important faulting along the south side 
of the Callville Basin. However, faults would be inccnspicuous in the 
altered igneous rocks. Possibly, the southwest branch of the Callville 
fault continues southwestward along Hemenway Wash. The steep north- 
facing cliffs at the head of Black Canyon may have been formed by more 
rapid erosion of the intensely altered rocks along Deadman Gulch; the 
irregular topography may be, in part, an inheritance from Pliocene time. 
The steep northeastward dip of the thick section of volcanic breccias 
and flows along Black Canyon indicates large-scale subsidence on faults 
in the Callville Basin in pre-Pliocene(?) time. No doubt, the main Call- 
ville fault was a large factor in this subsidence; but the consistent dip 
of the volcanic section, in a direction strongly oblique to this fault, sug- 
gests that other large faults, now concealed under the floor of the basin, 
may have been involved. 

FOLDS AND DOMES 

There has been no systematic folding of any formations exposed in the 
area. Locally, however, the Pliocene(?) strata are strongly tilted and 
arched. Monoclinal folds probably are related to concealed faults, or, 
in some cases, represent strong warping in connection with uplift or sub- 
sidence of extensive areas. For example, along the south side of Las 
Vegas Wash the bedded gypsum dips 15° to 20° northeastward, and north 
of the wash the siltstones above the gypsum dip as steeply as 40 degrees. 
Conspicuous tilting of the formation at other localities is indicated on 
the maps (Pls. 2, 3, 4). At the north end of Saddle Ridge, the sedi- 
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mentary strata and included basalt flows describe a prominent crescent, 
indicating an anticline plunging to the northeast. These Pliocene(?) beds 
are strongly unconformable on the older breccia and volcanic rocks, which 
dip 60 degrees, or more; but the anticlinal structure appears in the entire 
section, and is strongly marked at the contact with the pre-Cambrian 
rocks. This evidence suggests strong uplift of the pre-Cambrian block 
before the Pliocene(?) deposits were formed, and again at a later date. 
A large part of the deformation, however, may be due to subsidence of 
a block east of Saddle Ridge, now largely concealed by alluvium. Strong 
northwest dips, in the vicinity of Fortification Rock, reflect subsidence 
in a belt extending northeastward along Colorado River. This belt is 
parallel to the southwest branch of the Callville fault; instead of a graben 
block, it may be a syncline, related to reverse movement on this fault. 
Irregular folding of the old Colorado River deposits northwest of Callville 
probably is the result of the latest movements in this belt of disturbance. 

In a belt along Callville Wash, the Pliocene(?) strata and included 
flows have been severely disturbed. Two miles above Old Callville, and 
directly east of the wash, thick beds of gypsum, siltstone, and soft white 
dolomite are exposed in a steep elliptical dome whose long axis extends 
more than half a mile in a direction slightly west of north (Pl. 8). Dips 
are 60° to 65° outward from the axis on the east side, and 25° to 50° on 
the west side. Several basaltic flows extend into the folded section from 
the volcanic area on the east. About half a mile west of the dome, beds 
of old river gravel dip eastward at angles up to 45 degrees. Farther north 
and west the Pliocene(?) strata strike generally north and northwest, 
with eastward and westward dips. Evidently, a large part of this dis- 
turbance, whatever its cause, occurred during Pleistocene time, after the 
advent of the Colorado River. 

In the lower part of the Virgin Valley, there is considerable tilting and 
doming of the Pliocene(?) strata in a belt peripheral to the volcanic area 
at the north end of the Black Mountains. Probably, this disturbance is 
related to strong uplift within the volcanic area, shown by steep outward 
dips of the lavas and breccia beds, and also of the bordering fanglom- 
erates derived from the volcanic rocks (Pl. 9, fig. 1; Pl. 4, sect. K-K’). 
Possibly, some of the isolated domes have cores of rock salt. All the large 
salt outcrops in the Virgin Valley are in sharp domes and anticlines. The 
salt mine 5 miles south of St. Thomas is near the north end of a large anti- 
cline, the limbs of which are outlined by a basalt flow (Pl. 3). At the | 
mine, the strata have irregular dips and are cut by small faults. Several 
large outcrops of rock salt appear to represent a large mass that underlies 
an area of several acres and has a knobby upper surface. In addition, 
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Figure 1. INNER GORGE 
Revealed by excavation at Boulder Dam site. (Photo, U.S. Bureau of Reclamation) 


Figure 2. VERTICAL FLUTING ON 
WALL OF INNER GORGE 
Resistant andesite breccia at the 
damsite. (Photo, U. S. Bureau of 
Reclamation) 


FEATURES AT THE BOTTOM OF BLACK CANYON 
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there is a steep plug of salt, exposed in cross-section in the “Big Cliff” 
several hundred feet south of the mine, which not only arches the beds 
strongly but also ruptures some of them. North of Bitter Spring Wash 
the “Calico Salt” is at the center of a distinct, but irregular, dome, and 
another large salt outcrop, about a mile to the southeast, lies within a 
steep elongate dome, the east end of which probably is concealed by the 
Virgin River floodplain. Two other complete domes in which no salt is 
exposed lie farther south and east; one, directly north of the mouth of 
Bitter Spring Wash, and the other, east of the river, about half a mile 
northeast of the Black Salt Mine. Another, directly north of the dome 
last mentioned, is partly concealed by recent waste. Two miles farther 
north, opposite the mouth of Rogers Wash, steep dips toward the south- 
east and northeast, on opposite sides of a northwesterly fault, suggest a 
faulted dome partly concealed by floodplain alluvium. The “Black Salt,” 
which lies in the tilted footwall block of a north-south fault, cuts across 
distorted bedding and probably is at the core of a faulted dome. Steeply 
tilted strata outline an irregular dome around the “Bonelli Salt,” two 
miles south of the Lower Narrows. In all these domes the strong beds 
are tilted regularly (PI. 16, fig. 2), whereas layers of gypsum and clay are 
contorted and brecciated (PI. 13, fig. 2). 

Thus, there is evidence of eight domes near the river, in a belt about 8 
miles long, and possibly others are concealed by slope debris and flood- 
plain deposits. The “Big Cliff” plug is 5 miles farther north; but the anti- 
cline that extends southward from that locality may contain other exten- 
sive salt bodies, eroded and covered along the Virgin River. As the salt 
is seen only where it has been forced up and presumably thickened, its 
normal horizon within the Muddy Creek formation is not known. Local 
flowage of the salt to form domes and anticlines probably was caused by 
tectonic movements in late Pliocene(?), or even in Pleistocene, time. 
Concentration of domes near the north end of the Black Mountains sug- 
gests a relationship to the strong disturbance of the volcanic rocks in that 
area. The anticline along the Virgin River, midway between the fronts 
of the Virgin and the Muddy mountains, may have resulted from sub- 
sidence of the Virgin Valley block between downward-converging faults 
at the mountain borders. 

The Salt Well, a deep sink containing concentrated salt solution west of 
Old Bonelli Ferry (Pl. 3), indicates that the rock salt in the Muddy Creek 
formation extends as far south as the Colorado River. Strong doming and 
faulting directly north and west of the well probably was caused by “salt 
tectonics.” 
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GENESIS OF SURFACE FEATURES 
GENERAL STATEMENT 


Land forms within the area have resulted chiefly from differential 
erosion by the Colorado River drainage. The general effect has been to 
re-create, in modified form, the basins and ranges of late Tertiary time. 
Exhuming of major inherited features, such as the Black Mountains and 
the lower Grand Wash Cliff, has proceeded farthest in the vicinity of the 
river, where, also, the principal new features—the canyons cut by the river 
—have been developed. All the larger tributaries are adjusted to belts of 
weak bedrock, and are engaged in restoring the general form of an older 
fault-block topography, by excavating the basin fill. 

HISTORY OF THE COLORADO RIVER 


On the basis of the present topography, the course of the Colorado River 
through Boulder and Black canyons appears anomalous. Lee suggested 
that the original course was southward in the Detrital-Sacramento trough, 
and that some accident, perhaps damming by lava a short distance north 
of the present Williams River, caused the Colorado to aggrade until it 
was diverted through a high pass in the Black Mountains.®* So far as the 
writer could determine, there is no field evidence to support this supposi- 
tion. Granted the succession of events postulated by Lee, the Detrital- 
Sacramento trough should now exhibit remnants either of lacustrine de- 
posits or of stream-laid gravels and sand like those in terraces bordering 
the present river. No such deposits are exposed, at least as far south as 
Chloride. Under the sheets of recent waste the trough appears to be 
floored with typical Pliocene(?) basin sediments, coarse near the moun- 
tain walls, finer-grained along the axial belt. Apparently, the history of 
the trough has been similar to that of many other basins in the region; it 
was formed by movement on north-south faults, was nearly filled with 
debris from the bordering highlands, and was excavated by differential 
erosion, after a lower baselevel was established. 

There is every reason to believe that the original course of the river, 
established across a mature or old-age surface developed by interior drain- 
age, has been superposed to form Boulder and Black canyons. The 
highest points in the Black Mountains near Boulder Canyon have alti- 
tudes of about 3000 feet. In Grand Wash trough, near the river, there are 
remnants of Hualpai limestone that reach above the 2500-foot contour, 
and probably the formation originally extended to a considerably higher 
level. The limestone was laid down horizontally, and, as there are large 
remnants in the Virgin-Detrital trough, it reached, without reasonable 


5 W. T. Lee: Geologic reconnaissance of a part of western Arizona, U. S. Geol. Surv., Bull. 352 
(1908) p. 63-65. 
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doubt, nearly, if not quite, to the lowest part of the Black Mountain sum- 
mit. There are indications of an old surface at a similar elevation west of 
Boulder Canyon. Fortification Hill preserves a large remnant of a sub- 
dued erosion surface at an altitude above 3000 feet (Pl. 10). At the south- 
eastern part of the summit the old surface cuts across steeply tilted basalt 
flows, and remnants of shallow valleys are floored with debris held in a 
rich, caleareous matrix. It is probable, therefore, that, before the advent 
of the Colorado River, the basins east and west of the Black Mountains 
had been filled to near the present 3000-foot elevation, and their floors 
were continuous in the present position of Boulder Canyon. Possibly, 
there was drainage already established in the approximate position of the 
river south of Callville Basin; but resistant bedrock west of the Black 
Mountains was buried deeply under basin fill, and, therefore, little evi- 
dence of the old topography has been preserved. Perhaps, the high-level 
basin surface was destroyed by integration of basin drainage, and the 
upper wide portion of Boulder Canyon was developed before the through- 
flowing Colorado appeared in the region. An extensive surface of low relief 
is recorded in remnants at altitudes between 1500 and 2000 feet, on the 
resistant volcanic rocks along Black Canyon (Pl. 18). The date and 
significance of this surface is unknown. Possibly, it was cut before the 
advent of the modern Colorado River, but after piracy by basins farther 
south had destroyed the higher surface and removed much of the Plio- 
cene(?) basin fill. 

Thus, there is much that is unknown concerning the early history of 
the Colorado. The original stream may have started cutting on a high- 
level surface that overtopped all of the present ranges lying athwart its 
course; or, integrating basins that became connected along the course of 
the river may have prepared part of the valley in advance; or, a stream 
emptying into the Gulf of California may have extended its valley by 
headward erosion, starting the cutting of the canyons and finally integrat- 
ing with drainage from the Rocky Mountains. Blackwelder’s suggestion 
that the river came into existence as a result of the latest great uplift of 
the Rocky Mountain-Colorado Plateau region, in late Pliocene or early 
Pleistocene time, is in harmony with all the facts known to the writer.*® 
Whatever the exact method of its initiation, it is probable that the river 
is following essentially its original consequent course, which it has main- 
tained by cutting canyons through hard-rock ridges and plateaus that 
have grown in height as the weak basin sediments adjacent to them have 
been etched away. Movement on faults in Callville Basin and elsewhere 
may have contributed to the relief; but faulting seems to have produced 
only minor topographic effects since exterior drainage was established. 


56 Eliot Blackwelder: Origin of the Colorado River, Geol. Soc. Am., Bull., vol. 45 (1934) p. 551-566. 
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Any uplift that may have affected the western part of the Colorado 
Plateau since the beginning of the “canyon cycle” must have involved a 
wide area in the Basin-and-Range country, for there is no evidence of 
differential movement between the two provinces, within the lifetime of the 
Colorado River. 

There is abundant evidence that the river has not been permitted to 
work uniformly in fashioning its valley. Interruption in the development 
of Boulder Canyon is indicated by the two-story form of its cross-profile 
(Pl. 20, fig. 1). The dissected Chemehuevis formation shows that the 
river changed its habit from cutting to filling and back to cutting (p. 
1443-1453). Doubtless, the terraces bordering the river also hold the 
clue to important events in the later history of the region. 


GRAVEL-FLOORED TERRACES 


Satisfactory analysis of the terraces would require extensive field study, 
with the aid of more accurate topographic maps than are now available. 
Numerous observations with a good altimeter gave the writer some basis 
for correlating the more prominent remnants; but the difficulties of the 
problem are great. Each of the deep canyons forms a break of several 
miles, in all the terraces. Even within any one basin the terraces are 
fragmentary, especially the higher ones, which have suffered most from 
lateral swinging of the stream. As most of the terrace surfaces slope to- 
ward the stream (probably due, in large part, to differential compaction 
of the stream deposits) two widely separated fragments may differ appre- 
ciably in height above the river and yet be parts of the same terrace. As 
there is no assurance that the gradient has remained nearly constant, 
correspondence in height above the present stream is not necessarily a 
criterion in correlating fragments in the different basins. Finally, some 
of the higher terraces have been modified by slope wash since the river 
cut to a lower level. On some long slopes, like the one north of Fortifica- 
tion Hill, several terraces have been merged locally into one nearly even 
surface, floored with a desert pavement (PI. 14, fig. 1). 

The Virgin-Detrital trough affords the longest continuous stretch of 
the river bordered by terraces. Throughout this stretch of 20 miles, large 
remnants, at a height of 175 to 180 feet above the river, lie on either side of 
the valley. The largest remnant is south of the river, opposite the Old 
Bonelli Ferry ; it is more than half a mile wide, and extends along the river 
more than 2 miles. Unlike some of the other terraces, the surface is almost 
level from front to back. Where the river cuts directly against the edge, 
it reveals a section of river gravel extending from the water level to the 
top of the terrace. Large remnants at the same height lie on either side 
of the river at Temple Bar. In Grand Wash trough the most conspicu- 
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Ficure 1. Mout or THE Granp CANYON 
Looking north. Top of Cambrian sandstone is 200 feet above river; g, granite gneiss; Cs, 
Cambrian sandstone; Pf, Pliocene (?) fanglomerate. 


Ficure 2. GRAND WASH TROUGH 
Looking south. Scarp on west side of Tassai Ridge is 900 feet high. Strata at top are Penn- 
sylvanian (?) limestone, dipping 30 degrees toward the Tassai fault. Light-colored deposits 
partly Pliocene (?), partly Recent. Small remnants of high gravel terraces in left foreground. 
(See T-T’ of geological map.) 


Ficure 3. IcEBERG CANYON 
Looking northeast. Footwall block: g, pre-Cambrian granite and gneiss; Cs, Cambrian 
sandstone, dipping 70 degrees eastward; Cls, Cambrian limestone; Mls, Mississippian 
limestone. Hanging-wall block: Ps, Pennsylvanian (?) limestone and sandstone; Ss, Supai 
formation; Kls, Kaibab limestone. Fault, dipping 15 degrees to the left, is concealed by 
talus directly above highest exposure of gneiss; dip is steeper in background. Note drag 
effect in Pennsylvanian (?) strata. (Compare with text figure 7.) 


STRUCTURAL FEATURES IN EASTERN PART OF THE RESERVOIR 
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Ficure 1. Boutper Canyon 
Looking downstream at the head of the canyon. Showing composite slopes of walls on 
granitic rocks. Strata of Boulder Wash group at top on both sides. Pliocene (?) breccia 
(left foreground) dips steeply toward fault at base of range. 


Ficure 2. Sire or CALLVILLE 
Looking northwest across the site, marked by stone corrals and foundations. Remnants of 
gravel terraces, 100, 130, and 220 feet above the river. 


FEATURES SHOWING CHANGES IN GRADE OF COLORADO RIVER 
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TasLe 2—Heights of typical cross-sections of terrace remnants 
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Height above River (feet) 


Localities 
North South 
Callville Basin 30 75 
100 175 
130 220 
175 260 
220 
540 
East of Boulder Wash 100 30 
230 90 
325 
Near mouth of Virgin River 60 60 
180 100 
330 175 
260 
330 
450 
Vicinity of Temple Bar 60 25 
75 60 
100 100 
180 130 
220 180 
260 220 
335 260 
4 miles north of Greggs Ferry 70 
175 475 
390 
One mile west of Grand Wash 210 
315 
Near Pierces Ferry 60 175 
100 220 
170 310 
260 335 
290 
335 
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ous remnants are 170 to 175 feet above the river. A large remnant at 
the same height lies west of the river, directly below Iceberg Canyon, and 
there are others on either side of the river in Callville Basin. As these 
large fragments are supplemented by numerous smaller ones at the same 
height in the several basins, the conclusions seem warranted that the 
stream halted for a considerable time near the plane indicated by the 
terrace remnants, and that its gradient was then almost identical with its 
present gradient. 

Another prominent terrace remnant in Callville Basin, about 75 feet 
above the river, furnished the gravel for concrete in Boulder Dam. Many 
large remnants farther upstream range in height from 60 to 70 feet, and 
probably all of them represent essentially the same stage, the small varia- 
tion in height being explained by downcutting as the stream planed later- 
ally, and by differential compaction. 

Certain cross-sections of the valley in each basin are particularly favor- 
able for observation of the terraces. The accompanying table (Table 2) 
lists heights above the river, of the conspicuous remnants at seven general 
localities. Each value represents the part of the terrace nearest the pres- 
ent stream. All heights were determined with a Paulin altimeter, and are 
believed to be correct within a few feet. 

The recurrence, in the table, of several heights in addition to the two 
already discussed appears significant. Terraces at the same level on both 
sides of the valley are the most impressive, and especially those that are 
paired in this way at several widely separated localities; these include the 
60-75, 170-180, and 220. The 260 height recurs throughout the area, and 
is paired at Temple Bar; the 325-335 height is common, and is paired at 
Pierces Ferry. Size of remnants is an important item not shown in the 
table. All the five heights mentioned are represented by wide remnants, 
and the terrace at 475 feet, north of Greggs Ferry, formed above a thick 
section of the Chemehuevis formation, is nearly a mile wide (p. 1448). 
There is no other representative at this level, unless it is the poorly pre- 
served remnant at 450 feet, south of the river and east of Detrital Wash. 
The higher terraces have, of course, suffered the most erosion. Two iso- 
lated patches lie considerably higher than any listed in the table. South 
of Napoleon’s Tomb, and nearly a mile and a half from the present stream, 
35 feet of gravel lies 650 feet above low-water stage. On top of Delmar 
Butte, a remnant of gravel, 10 feet thick, is 750 feet above the river. 

Probably, some of the smaller terraces are remnants of old channels, 
left as the stream swung away and cut down in a new position, and so 
have no special significance. On the other hand, terraces that are wide, 
nearly level in cross-section, and paired on opposite sides of the valley, 
indicate interruptions in downcutting by the stream. To build up a sheet 


ug 
q ay 
3 
| 
Pi 
A 
4 
4 
# 
om 
} 
: 
a 


15 


10 


BULL. GEOL. SOC. AM., VOL. 47 


Cy, 
“iy, 
In section T-T’, | 


Zi 


7, 
4 


44 


1, 


“7, 


9 


Under the second n of Canyon in Boulder Canyon, dit 


ttt, 


7 


“7, 
Z 
Only the largest remnants of the Chemehuevis formation are : 


GENERALIZED GEOLOGICAL MAP OF THE BOULDER RESERVOIR FE 
All deposits supposedly of Pliocene age (including the Hualpai limestone) are 


Creek formation. 
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(G.F.) Greggs Ferry, (P.F.) Pierces Ferry, (S.R.) Saddle Ridge. 
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of gravel, 50 to 200 feet or more in depth and half a mile to 2 miles wide, 
the stream must have been aggrading for a considerable time. After each 
such halt, there was a return to cutting. As Blackwelder has suggested, 
the terraces may represent fluctuations in climate.*’ Possibly, the Cheme- 
huevis formation represents a major swing toward a more-pluvial climate, 
and the terraces record a halting return to pre-Chemehuevis conditions. 


SUMMARY AND CONCLUSIONS 


Rock formations of the area include (1) pre-Cambrian granitic and 
metamorphic rocks corresponding to the Vishnu schist of the Grand Can- 
yon; (2) strata that may represent part of the late pre-Cambrian Grand 
Canyon series, but possibly are much younger; (3) Paleozoic strata, 
ranging in age from Cambrian to Permian; (4) large volumes of extrusive 
and intrusive porphyries and related rocks, of unknown age, but prob- 
ably Tertiary; (5) a thick section of basin deposits, probably of Pliocene 
age, consisting of coarse breccias, siltstones, clays, gypsum, salt, and lime- 
stone, with great quantities of basalt and other voleanic rocks; (6) weakly 
cemented river gravel, sand, and silt, which give the earliest record of the 
Colorado River; (7) extensive remnants of sand, silt, and clay, with an 
aggregate thickness of several hundred feet, which record rapid aggrada- 
tion after the river had cut its valley nearly to its present form and depth; 
(8) gravel in numerous terraces and in the present channels of the Colo- 
rado and its tributaries. 

Before the advent of the Colorado River, movements on large faults that 
strike dominantly north-south formed alternating ranges and elongate 
basins west of the plateau. Under an arid climate, the debris eroded from 
the highlands was deposited in the adjacent basins, by interior drainage. 
Relief became subdued, probably as a result of decreased crustal activity, 
although movements continued on some of the faults until a late date. 
The final basin deposit was limestone, which covered the divides between 
the Grand Wash Cliffs and the Virgin-Detrital trough and probably over- 
topped the lower parts of the Black Mountains. Although the age of the 
basin deposits has not been fixed, probably they were formed during Plio- 
cene time. Possibly, the limestone, which required a wide body of water 
for its deposition, represents increased humidity in the early Pleistocene. 

The oldest deposits of the Colorado River in the area are of Pleistocene 
age. Apparently, the original course of the stream west of the Colorado 
Plateau was chiefly on basin deposits that nearly obliterated the earlier 
basin-and-range topography. As the stream cut down, its course became 
superposed across the ranges of resistant rock, which have been revealed 


87 Eliot Blackwelder: Terraces along the lower course of the Colorado River, [abstract] Geol. Soe. 
Am., Pr. for 1933 (1934) p. 66. 
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through more rapid erosion of the intervening basin fill by the Colorado 
River and its tributaries. There has been considerable faulting west of 
the Black Mountains within the lifetime of the river; but the latest move- 
ment on the Grand Wash fault occurred during the epoch of interior 
drainage. 

After the cutting of the valley had progressed nearly to its present stage, 
the stream became overloaded and deposited sediments, hundreds of feet 
thick. Probably Black Canyon was almost, if not entirely, filled. Re- 
excavation of the valley took place in stages, with numerous halts that 
are recorded in wide gravel terraces. Perhaps the aggradation is con- 
nected with the latest glaciation, and the spasmodic removal of the fill 
reflects an oscillatory return to more normal climatic conditions. 


University, New Haven, Conn. 
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INTRODUCTION 


The geographic term, Central Asia, has no compelling significance be- 
yond implying some interior portion of the great continent. German and 
Russian geographers generally use the term to include the Pamir and its 
surrounding complex of basins and ranges. The Central Asiatic Expedi- 
tions of the American Museum of Natural History applied the name, 
with even better reason, to the vast interior basin country that includes 
the Gobi, Kobdo, Dzungaria, Sinkiang, and Ordos lowlands with their 
included mountains. 

Cretaceous deposits were first recognized in this region by the Expedi- 
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tion;? and, as the explorations were extended, many continental forma- 
tions that could be assigned to the Cretaceous period were discovered. 
Their relations to one another and to the Jurassic deposits have not 
been made clear; indeed, considerable diversity of opinion is expressed 
in the literature, where no two tabular statements agree. Therefore, a 
comprehensive discussion of the Cretaceous formations and their corre- 
lation should prove serviceable. 


SIGNIFICANCE OF THE CRETACEOUS RECORD IN CENTRAL ASIA 


The latest known marine invasion of Central Asia is recorded by 
Permian shales, limestones, and sandstones. They were later intensely 
folded, and the folds were subsequently worn down to a’ surface of low 
relief. Triassic sediments are found in Sinkiang, Szechwan, Shantung, 
Japan, the Ussuri basin, and the far north, and are doubtfully identified 
in Shensi, Shansi, and Hopei. As yet, no deposits of this age are known 
from the Gobi, although the geologists of the Central Asiatic Expeditions 
have postulated the presence of Triassic beds among the continental sedi- 
ments that were tentatively assigned to the Jurassic. Probably, Central 
Asia was undergoing erosion during most, or all, of Triassic time. Most 
of the Jurassic deposits are thick and of coarse grain—conglomerates, 
tuffs, and partly tuffogene sandstones, with minor shales and thin coals, 
accompanied locally by abundant lava flows and intrusives. A rich 
Jurassic flora is known from Siberia and China, but in the Gobi, fossils 
are extremely rare; only a few carbonized stems and obscure impressions 
of leaves, stems, and roots were found. The record implies that the 
Jurassic deposits were laid in deep intermontane basins, under generally 
semi-arid conditions. The Jurassic formations were folded along the belts 
chiefly affected by the Yenshan disturbance, and, except in the Ordos, 
were tilted and faulted throughout the region between the Tsinlingshan 
and southern Siberia. The disturbance diminishes northward, so that in 
Siberia some of the Jurassic deposits lie almost horizontal, parallel with 
the overlying Cretaceous strata. Profound and long-continued erosion 
followed the post-Jurassic movement of the Yenshan revolution. 

All the Cretaceous deposits discovered by the Expedition, rest with 
a notable unconformity upon the underlying rock structures. Most of 
them are thin, and are composed of fine-grained sediments—clays, shales, 
sands, and thin sandstones, with comparatively little conglomerate. At 
the opening of the Cretaceous period, Central Asia assumed a new con- 
tinental aspect—of broad, shallow, warped basins, in which thin deposits 


and older Tertiary strata in Mongolia, 


1 Walter Granger and C. P. Berkey: Di y of Cret 


Am. Mus. Novitates, no. 42 (1922) p. 2-4. 
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were retained. Toward the north and east, the presence of thin coals 
implies more humid conditions than in the semi-arid interior; the plant- 
beds are intercalated with marine strata along the Cretaceous shores. 
The shallow-basin aspect continued through most of the Tertiary. The 
deposits of the Paleocene, Eocene, and Oligocene are characterized by 
sandy clays, with little true shale, and minor thicknesses of sands and 
fine gravels, with moderate amounts of conglomerate. The Miocene 
sediments resemble those of the Eocene and Oligocene, but are only 
locally present. Berkey and Morris? noted the paucity of Miocene 
deposits and attributed it to widespread erosion, which reduced the land 
to the Mongolian peneplane. The presence of a few Miocene formations 
does not seriously conflict with this inference, although it shows that 
sediments were retained in some warped basins—implying that, locally, 
there was moderate relief. The Pliocene formations, even near the 
Altai front, consist largely of shales, fine sands, and sandy clays—in 
contrast with the Pleistocene and Recent deposits, which are thick, 
coarse conglomerates in the deep, faulted basins adjacent to the moun- 
tain fronts, resembling more nearly the sediments of the Jurassic than 
those of the early Tertiary. The extreme paucity of Pleistocene fos- 
sils in the intermontane basins bears out the resemblance to the Jurassic 
formations, though some fossils were found even in the pre-Altai trench. 
In the broad, shallow basins at a distance from the mountain uplifts, 
thin Pleistocene deposits have been found, locally rich in fossils and 
resembling Cretaceous and Tertiary sediments. 

Thus, two general types of basin deposits may be distinguished: a 
deep-basin type, like those of the Jurassic, Pleistocene, and Recent, con- 
sisting of thick, coarse sediments, and generally poor in fossils; and a 
shallow-basin type, consisting of broad, thin fills of fine sediments, 
locally rich in fossils. The Cretaceous formations are significant in 
that they represent the beginning of the shallow-basin history, and, 
therefore, the beginning of favorable records of life in Central Asia. 

The early Cretaceous plant-beds contain a flora so redolent of Jurassic 
types that many of the Cretaceous formations were formerly assigned 
to the Jurassic. Careful correlation with marine faunas has led to the 
needed revision; and probably many more of the inland, isolated forma- 
tions, now classed as Jurassic, will be included in the early Cretaceous, 
as detailed examination proceeds. Obruchev, Kryshtofovich, Grabau, 
and other authorities have concurred in this prediction. The Lower 
Cretaceous dinosaurs include specialized Jurassic types and several 
primitive forms, which may be considered indigenous, because their 
evolution proceeded to a notable degree after their stocks arrived in 


2C. P. Berkey and F. K. Morris: Geology of Mongolia, Nat. Hist. Central Asia, vol. 2 (1927) p. 346. 
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Central Asia. Upper Cretaceous life is notably advanced; the plants 
are rich in Tertiary affinities, and several of the dinosaurs are appar- 
ently immigrants from America. The discovery of placental mammals 
in the Upper Cretaceous of the Gobi does not necessarily imply that the 
placentals originated in Central Asia or during Cretaceous time. 

The stratigraphic record is interrupted by many gaps, as shown by 
physical discontinuities and by strikingly diverse faunas. Almost every 
Cretaceous formation lies in a wholly separated basin; Djadokhta and 
Oshih are the only localities where the Expedition found two distinct 
Cretaceous horizons in direct contact with one another, and in each 
locality an angular unconformity separates the two formations. Other 
students have recorded few localities where unquestionable Upper Cre- 
taceous sediments rest directly upon the Lower Cretaceous. 

The Wealden is abundantly represented among these isolated forma- 
tions, but deposits of Aptian and Albian age are rare and are found 
chiefly in the marine facies along the coast. Few formations can be 
assigned confidently to the Upper Cretaceous; and these are chiefly in 
the extremes of the column—either in the Cenomanian and Turonian, 
approximately equivalent to the Dakota and Benton, or in the Montana 
and Edmonton. The entire record is characterized by notable discon- 
formities, and is more fragmentary for the upper, than for the lower, 
division. The problem of correlation is thus rendered extremely difficult 
even within Central Asia; and the difficulty of correlating the inland 
formations with those of Europe or America is still greater. 

The abundance of early Cretaceous basins implies that the interior of 
the Palasian continent was affected by widespread, though moderate, 
warping and faulting movements, while along the northern and eastern 
shores the sea advanced in broad, shallow transgressions, doubtless due 
also to slight warping. Such instability does not imply true geosynclinal 
conditions; yet there is a certain resemblance between the tendency of 
geosynclines to sink and the tendency of basins to warp; and the re- 
semblance increases as the deeper basins and thicker deposits are con- 
sidered, until in the marginal region of the Anadyr basin, Sakhalin, and 
Japan, a geosynclinal trough is recognized. During the Upper Creta- 
ceous period, fewer warped basins formed, and they received, in general, 
thinner and finer-grained deposits than during the lower division, im- 
plying that Palasia was more stable during Upper Cretaceous time. The 
paucity of permanently retained sediments implies that Palasia was 
undergoing general, though moderate, erosion during the greater part of 
Cretaceous time. Probably, a more humid climate is also implied by 
the gaps in the record; for an integrated, sea-going drainage system tends 
to remove sediment, and the withering rivers of an arid climate tend 
to deposit sediment within the lowlands of the continent. 
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Lavas and tuffs of Cretaceous age are reported from widely separated 
localities. Almost everywhere, the lavas are thin flows, varying from 
dark andesites to true basalts, but, locally, there are thick rhyolites or 
trachytes and tuffs. Many of the Cretaceous formations lie almost un- 
disturbed, and none of the inland deposits are steeply tilted except along 
the fronts of faulted mountain ranges. These facts are in accord with 
the inference from the character of the deposits—that in Central Asia 
the Cretaceous period was characterized by moderate earth-movements, 
chiefly gentle warping, and that the mountain-making is generally later 
than Cretaceous time. 

The vast, stable, low-lying continent of Palasia might well have given 
records that bridge the gap between Cretaceous and Tertiary life. But, 
actually, the unrecorded gap is far broader in Central Asia than it is 
in America or Europe. There are no deposits fitting into the hiatus 
between the Laramie and the Paleocene. Broken only by the Djadokhta, 
the hiatus between the Cretaceous and the Tertiary faunas of Central 
Asia is almost half as long as the Cenozoic era. Hopes of finding Central 
Asia a reservoir of pre-Eocene mammalian life were not answered in 
the way that had been predicted, nor to the degree hoped for; yet the 
surprising discovery of Deltatheridium alone was a rich recompense for 
earnest search. 


RELATIONS OF THE JURASSIC TO THE CRETACEOUS RECORD 


It is not the purpose of this paper to discuss the details of the Jurassic 
flora. Reference may be had to the works of Grabau,? Yabe,* Seward,® 
Kryshtofovich,* Heer,’ and others. The Jurassic flora of Central Asia 
is closely related to that of the Permian, with which it was long con- 
fused in the early accounts of the so-called Angara series. A marked 


3A. W. Grabau: Stratigraphy of China, pt. 2, Mesozoic, Peking (1928). 

4H. Yabe: Zur Stratigraphie und Paldontologie der oberen Kreide von Hokkaido und Sachalin, Zeit. 
der Deutsch. geol. Ges., vol. 61, h. 4 (1909); Cretaceous stratigraphy of Japanese islands, Pan-Pac. 
Sci. Cong., Tokyo meeting, Abstr. 72 (1926). 

5 A, Seward and H. Thomas: Jurassic plants from the Balagansk district, Government of Irkutsk, 
Geol. Com. St. Petersburg, Mem., n. s., no. 73 (1911); Jurassic plants from Chinese Dzungaria, col- 
lected by Prof. Obruchev, Geol. Com. St. Petersburg, Mem., n. s., no. 75 (1911); Jurassic plants from 
the Amur Land, Geol. Com. St. Petersburg, Mem., n. s., no. 81 (1912). 

@A.N. Kryshtofovich: The Jurassic plants of Ussuri Land, Geol. Com. St. Petersburg, Mem., n. s., 
no. 56 (1910) (in Russian); Jurassic plants from the river Tyrma in the Amur district, Geol. Mus. of 
Peter the Great, Acad. Sci., St. Petersburg, Mem., vol. 8, no. 3 (1914) (in Russian); Contributions to 
knowledge of the Jurassic flora of Ussuri Land, Geol. Min. Mus. Acad. Sci., St. Petersburg, Mem., 
vol. 2, no. 4 (1916) (in Russian); On the Cretaceous flora of Russian Sakhalin, Coll. Sci., Imp. Univ. 
Tokyo, Jour., vol. 40, art. 8 (1918); Plant remains from the Jurassic lake-deposits of Transbaikalia, 
Min. Soc. Russ., Mem., ser. 2, vol. 51, no. 1 (1918) (in Russian); The Cretaceous flora of Russian 
Sakhalin, Geol. Com. Leningrad, Bull., vol. 39, no. 3-6 (1924) (in Russian); Discovery of the equiva- 
lent of the Lower Jurassic Tonkin series in Ussuri Land, Contrib. Geol. and Min. Resources of Far 
East, Geol. Com. Vladivostok, vol. 22 (1923) (in Russian). 

70. Heer: Beitrége zur fossilen Flora Sibiriens und des Amurlandes, Acad. Imp. Sci. St. Peters- 
burg, Mem., 7th ser., vol. 25, no. 7 (1878). 
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increase in ferns and cycads, and the emergence of the conifers and gink- 
goales represent the chief differences between the Permian and the 
Jurassic floras. More strikingly than on other continents the Jurassic 
flora is reminiscent of the Paleozoic. In general, the northern floras are 
richer in conifers and the southern richer in ferns. 

The great area of Palasia during Jurassic and Cretaceous time, the 
very moderate mountain-making that accompanied the Yenshan dis- 
turbance, the temperate climate, and, above all, the isolation of the 
continent through the extension of seas on every side, have contributed 
all that an environment could toward keeping the flora stable, slowing 
the rate of evolution, and checking the extinction of archaic types. But 
it would be erroneous to attribute the conservative quality of the Jurassic 
flora, and its continuance into Cretaceous time with few changes, simply 
to environmental causes, for in other continents the origin of strikingly 
new types of plants and animals has taken place under just such condi- 
tions of isolation. Most of the genera must have been bradygenetic or 
conservative types, and this fact belongs to the chapter of accidents, in 
the scientific sense of the word. There is no sound biological reason why 
Palasia should not have teemed with new mutations during the long 
isolation of Jurassic and Cretaceous time. 

Nor was the land wholly isolated: some genera, and even species, 
are common to Europe, Siberia, Manchuria, and America, though the 
course of migration is untraceable. An instructive case may be cited 
from an earlier period: Sven Hedin’s expedition has traced the southern 
Gondwana flora north of the Tethys trough at least as far as the Tarim 
basin. This discovery emphasizes what has long been known—that the 
sea did not continuously occupy any of the geosynclinal troughs of Asia, 
but frequently withdrew from part, or all, of each trough; and, conse- 
quently, there are frequent gaps in the sedimentary record, even in the 
sinking areas where the sediments are thickest. During the epochs when 
portions of the troughs were dry, the southern flora could move north- 
ward and the northern flora southward. It is not surprising to find the 
Gondwana flora in Central Asia; but it is surprising to find that the 
two floras are not more admixed in both northern and southern regions 
than they are actually found. The inference is that the real barrier 
separating the floras was climate, and that the northern flora was adapted 
to cool conditions that the southern flora could not bear. 

Jurassic climates continued into lower Cretaceous time, but with an 
increase in aridity during the latter period. The earliest Cretaceous 
deposits most nearly resemble those of the Jurassic; and the coals and 
black shales, rich in plant remains, are found chiefly in the lowest Cre- 
taceous horizons. Along the margins of the continent—the Arctic Coast, 
the Anadyr, Sahkalin, Japan, and even as far inland as the Manchurian 
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Ficure 1—General location map 
Showing most of the places named in the paper. 


and Bureya basins—moist climates continued virtually throughout Cre- 
taceous time. In the interior, arid conditions appeared early, although 
moisture-loving plants and animals of Jurassic aspect clung to the lakes 
and the adjacent swamps that formed oases in the broad, arid lowlands 
of Central Asia. 

In the present state of knowledge, one can only infer the kinds of 
animals that inhabited Central Asia during the Jurassic. Moisture-lov- 
ing insects have been found, many of them with aquatic larve. A 
dinosaur from the Tarbagatai coal mine (Fig. 1) is referred by Riabinin * 
to Allosaurus—an Upper Jurassic type. The Iren Dabasu formation 
contains abundant flesh-eaters of this type, and it is quite possible that 
later studies will place the Tarbagatai near the Iren Dabasu in the Creta- 
ceous column. A few reptile bones have been found in various parts of 
Siberia, but no accurate identifications have been made. Teilhard and 


*A. Riabinin: Notes on a dinosaur from Transbaikalia, Geol. Mus. of Peter the Great, Acad. Sci. 
St. Petersburg, Mem., vol. 8, no. 5 (1914) (in Russian). 
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Young ® collected a footprint of an “ornithopod dinosaurian, of the size 
of Iguanodon mantelli,’ from Jurassic sandstones bordering the Ulan 
Muren Valley, near Shenmu in northern Shensi. Because “the likeness 
is striking between this footprint and those so commonly found in the 
Wealden deposits of southern England,” it is possible that the footprint 
may be of that age. The presence of many types of dinosaurs with 
Jurassic affinities in the lowest Cretaceous formation supports the in- 
ference that dinosaurs were abundant in Central Asia during Jurassic 
time. Their nearest relatives are found in Europe, but it is extremely 
unlikely that they invaded Asia only at the beginning of the Cretaceous. 
Future study of the Jurassic deposits of Central Asia should reveal an 
abundant reptile fauna, especially where the strata are not much dis- 
turbed, as at Tuin Gol, Tsetsenwan, and Jichi Ola. 

The Jurassic mammals of Central Asia can only be inferred from the 
study of those found in the Cretaceous deposits, which include a multi- 
tuberculate and several placentals. As multituberculates ranged from 
the Triassic to the Eocene, and are known from Africa, Europe, Asia, 
and North America, the discovery of this order in the Cretaceous of 
Central Asia implies that they lived there in Jurassic time. Placentals 
are known from the Lance of North America as well as from the 
Djadokhta of Central Asia—showing that the placental stock was widely 
distributed during the Cretaceous. Considering the profound structural 
differences between placentals and marsupials, and the tenacity with 
which the fundamental characteristics of each infra-class have persisted 
throughout long periods, it is a fair inference that a long evolution was 
required to bring about these differences. The modern concept of geologic 
time teaches that evolution is far slower than scientists supposed it to be 
when they believed that the Cretaceous period closed only three million 
years ago. It is biologically improbable that the placental stock origi- 
nated later than the Jurassic, and quite possible that there were placent- 
als in Central Asia during that period. 

Within the Gobi region, an angular unconformity separates the con- 
tinental deposits, which are assigned tentatively to the Jurassic, from 
the known Cretaceous formations. But in some of the structural basins 
drained by the Amur and its tributaries, the highest members of the thick 
Jurassic coal-bearing formations have been assigned to the Cretaceous, 
because Wealden plants or marine intercalations with Barriasian fossils 
were found in them. In southern and eastern Siberia, many of the Jurassic 
formations are succeeded by Lower Cretaceous beds, without evidence of 
a pronounced physical break. In this region, therefore, one may hope 


®P. Teilhard de Chardin and C. C. Young: On some traces of vertebrate life in the Jurassic and 
Triassic beds of Shansi and Shensi, Geol. Soc. China, Bull., vol. 8, no. 2 (1929) p. 131. 
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to find the transition from Jurassic to Cretaceous. All the formations 
of these ages in the Ussuri, Uda, Amur, Bureya, and Zeya basins, as 
well as those along the Irkut and Angara rivers, and in the Kuznezk 
lowland should be searched for the remains of vertebrates. Considering 
the success of the Central Asiatic Expeditions in the Gobi region, a rich 
harvest of discovery, both of reptilian and of primitive. mammalian 
bones, may well await the search of the transition beds in southern 


Siberia. 


CORRELATION OF RECORDED FORMATIONS OF CRETACEOUS AGE 
GENERAL STATEMENT 


In 1922 the geologists of the Expedition approached the field in Central 
Asia, knowing the Jurassic rocks of North China as a series of folded 
and faulted conglomerates, sandstones, shales, and coals, associated with 
intrusive and extrusive igneous rocks. In the Gobi region, similar rocks 
and structures were tentatively assigned to the Jurassic. At Iren Dabasu, 
the almost horizontal, unconsolidated clays and sands, and feebly ce- 
mented sandstones bearing dinosaurs were tentatively assigned to the 
Cretaceous, chiefly because of their structural relations. At Ondai Sair, 
the faulted and slightly tilted beds with dinosaurs and the Lycoptera 
fauna crop out within a few miles of steeply tilted, firmly consolidated 
conglomerates, sandstones, shales, and coals of the type assigned to the 
Jurassic. At that time, none of the fossils had been studied, so that 
structural and stratigraphic evidence was the chief guide. The geolo- 
gists considered the Ondai Sair older than the Iren Dabasu; but, as both 
formations rest upon the upturned eroded edges of the older strata, both 
were tentatively assigned to the Lower Cretaceous. 

Later studies have engendered many differences of opinion. The Oshih 
and Ondai Sair have been assigned to Upper Jurassic and Lower Cre- 
taceous; the Oshih has been considered older and younger than the Ondai 
Sair; the Iren Dabasu and the Djadokhta have been placed in the Upper 
and Lower Cretaceous; and a number of other formations, originally 
assigned to Middle or Upper Jurassic, or even Rhaetic, have been shifted 
into Lower Cretaceous, and formations that had been classed as Eocene, 
and even as Miocene, were pushed back into the Upper Cretaceous. Thus, 
the Cretaceous column, almost vacant for Central Asia when the Expe- 
dition’s work began, has gradually increased until many formations are 
recognized. The labors of the two great summarists, Grabau and Obru- 
chev, have done much to clear up the confusion; but detailed work is 
needed in field and laboratory before the revision of the Jurassic- 
Cretaceous column is complete. 
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LOWER CRETACEOUS FORMATIONS 


Oshith and Ondai Sair—The discovery of sauropods in the lowest 
Cretaceous beds of the Gobi region, completes the sauropod ring around 
the planet. Sauropods had been found in England and northern France, 
in eastern Africa, in Madagascar, India, western United States, and 
Patagonia. Their time-range extends through the Middle Jurassic and 
Cretaceous periods. Although in England they have not been found 
above the Wealden, and in North America they extend only through the 
Morrison, there is no reason to insist that they must have died out in 
the isolated Palasian continent at the same dates, for the sauropod stock 
survived to Upper Cretaceous time in similarly isolated South America. 
The Upper Jurassic aspect of the Gobi sauropods is not a convincing 
argument for Jurassic age of the enclosing deposits. 

Almost all the dinosaurs found in the Gobi represent new genera. The 
Psittacosaurus of the Oshih and the Protiguanodon * of the Ondai Sair 
formation—which may yet prove to be the same genus—are primitive 
forms. But they cannot be regarded as the primitive stock that, migrat- 
ing into Europe and America, gave rise to the greater iguanodonts or 
trachodonts of those regions, for more advanced hadrosaurs existed there 
in Jurassic and Wealden time. They must be survivors of a primitive 
stock—retainers of palaeotelic characteristics, even as Sphenodon, Didel- 
phus, and Tupaia have retained many primitive characteristics to the 
present time. Osborn calls attention to certain specialized differences 
between the pelves of the Mongolian dinosaurs and those of Trachodon, 
Iguanodon, and other related genera. The writer considers these special- 
izations to be evidence that Psittacosaurus and Protiguanodon have 
specialized upon a primitive plane of evolution—a common occurrence. 
Gregory " concludes that Protiguwanodon is far more primitive than 
Iguanodon of the Upper Jurassic and Wealden, but doubts that it is, 
therefore, necessarily older than Iguanodon, citing several instances of 
primitive dinosaurs that were either contemporary with, or later than, 
more advanced relatives. 

Osborn ?? places the Ondai Sair at the bottom of the Cretaceous column 
and correlates it with the Wealden because of the remote relationship of 
Protiguanodon to Hypsilophodon foxi from the Wealden of Sussex. The 
Oshih, he places higher than the Ondai Sair, comparing Asiatosaurus 
with Camarasaurus of Colorado; Prodeinodon with Megalosaurus of the 


10H. F. Osborn: Psittacosaurus and Protiguanodon: two Lower Cret ig ts from Mon- 
golia, Am. Mus. Novitates, no. 127 (1924). 


11 Op. cit., p .10. 
12H. F. Osborn: Ancient vertebrate life in Central Asia; Discoveries of the Central Asiatic Expedi- 


tions of the Museum of Natural History in the years 1921-1929, in Livre Jubilaire, Soc. Géol. France, 
Centenaire (1930); Sauropoda and Theropoda of the Lower Cretaceous of Mongolia, Am. Mus. Novi- 
tates, no. 128 (1924); Nature (Aug. 7, 1926) p. 198. 
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Wealden and Dryptosaurus of New Jersey, Colorado, and Wyoming— 
“all bespeaking a close community of dinosaur relations between France 
of the far west and the Rocky Mountains of the far east.” The faunal 
and physical relations appear not so close as to imply free communica- 
tion between these remote regions; rather, that Central Asia was isolated 
during early Cretaceous time, and that the general resemblance between 
these dinosaurs is due to parallelism. 

In 1931, T. H. Ting, of the Sino-Swedish Expedition collected dino- 
saurs at Haratolgay in western Suiyuan, Inner Mongolia, approximately 
Lat. 42° N., Long. 107° E. Young ** has identified the fossils as Psitta- 
cosaurus osborni and Protiguanodon cf. mongoliense. Both dinosaurs 
came from the same horizon—an important fact, which shows clearly 
the equivalence of the Oshih that yielded the criginal Psittacosaurus, 
to the Ondai Sair that contained the original Protiguanodon—an equiva- 
lence which the geologists of the Expedition urged in thcir earlier pub- 
lications. 

Another fact noted by Ting is that Estheria was found above the 
dinosaur beds; at Ondai Sair, the relative positions are reversed. There 
is no evidence of any age-difference between the Estheria-Lycoptera 
fauna and the dinosaurs, although the latter have never been found in 
the same beds with the microfauna. 

Cockerell studied the microfauna of Ondai Sair, and carefully con- 

sidered the relations and significance of the chief members. He says **: 

“We must then conclude that the fish shales of Ondai Sair and the Transbaikal 

contain a fairly homogeneous biota, which must be approximately of one age. This 

biota is quite distinct from that of the Ust Balei beds (Jurassic), and presumably 

much later. It may be Upper Jurassic, but there is no proof that it is not Lower 

Cretaceous. Actually it presumably belongs to a period near the beginning of the 


Lower Cretaceous and its classification as Jurassic or Cretaceous may be merely a 
matter of arbitrary definition.” 


Cockerell considered only the purely paleontological evidence. Grabau 
agrees with the writer in assigning a serious importance to the struc- 
tural relations of the rock formations. As all known Jurassic deposits 
throughout the region were involved in the Yenshan revolution, one 
would be justified in assigning to the Cretaceous period the earliest 
continental strata that succeed the Yenshan disturbance. Grabau has 
placed the Oshih and Ondai Sair in the Wealden. The continental de- 
posits, shown in Plate 1, are approximately correlated with them. 


13C. C. Young: On some new dinosaurs from western Suiyuan, Inner Mongolia, Geol. Soc. China, 
Bull., vol. 11, no. 3 (1931) p. 259-266. 

%44T. D. A. Cockerell: Fossils in the Ondai Sair formation, Mongolia, Am. Mus. Nat. Hist., Bull., 
vol. 51, art. 6 (1924) p. 135. 
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Chinese, Korean, and Manchurian continental deposits—The Szech- 
wan series is described by Chao and Huang," as a thick sequence of 
prevailingly red rocks, chiefly sandstones and shales, “which overlie the 
Jurassic coal-bearing series in the Red Basin of Szechuan.” This is also 
called the Kweitzu, or Tzekwei, series and contains the fresh-water mol- 
luses that Grabau*® ascribed to the Wealden, together with Estheria 
middendorffi var. sinensis and E. elliptica var. intermedia. Chao and 
Huang divide the series into three units: a lower Tsienfuyen formation, 
which contains the Wealden fauna; a middle Kuangyuan formation, 
whose age is not accurately indicated; and an upper Chengtsiangyen 
formation, which, the authors state, “is essentially the equivalent” of 
the Eocene Yuanchu series of Shansi. Such a correlation cannot be made 
until fossils are found in the upper Szechwan series. Chao and Huang 
also consider that the Kuanguan formation must be of Upper Cretaceous 
age, because “it is unlikely that both Cretaceous formations, having a 
total thickness of 1500 m. everywhere, belong to the same division, i. e. 
Lower Cretaceous.” The thickness alone is not a reason for assigning 
the two conformable deposits to different divisions of the Cretaceous 
system. 

Two other formations in the Red Basin have been assigned to Creta- 
ceous age by Yokoyama,?’ because of plants, some of which are found 
in the Ondai Sair. Grabau considers these plants to indicate Wealden 
age. 

The Kweichow series, which covers a large area in the Yangtze Valley 
in the western Hupei, has been described by Hsieh and Chao.*® The 
basal sandstone overlies the Liassic coal-series without discordance of 
dip, and is succeeded by greenish and purple shales and green sandstones, 
with a total thickness of approximately 3500 meters. Grabau?® has 
described the fresh-water pelecypods of the Kweichow formation and 
assigns it to the Wealden. 

In Chekiang, the Kienteh formation, described by Liu and Chao,”° is 
700 to 1000 meters thick. The basal conglomerate is overlaid by sand- 
stones and green shales, in which well-preserved Hstheria were found. 


1% Y. T. Chao and T. H. Huang: The geology of the Tsinlingshan and Szechuan, Geol. Surv. China, 
Mem., ser. A, no. 9 (1931) p. 158-162. 

16 A, W. Grabau: op. cit., p. 649. 

17M. Yokoyama: Mesozoic plants from China, Coll. Sci., Imp. Univ. Tokyo, Jour., vol. 21, art. 9 
(1906) p. 11-12. 

18C, Y. Hsieh and Y. T. Chao: Geology of I Chang, Hsing Shan, Tze Kuei and Pa Tung districts, 
W. Hupeh, Geol. Surv. China, Bull., no. 7 (1925) p. 63; The Mesozoic stratigraphy of the Yangtze 
gorges, Geol. Soc. China, Bull., vol. 4, no. 1 (1925) p. 45-52. 

Bailey Willis, C. D. Walcott, Eliot Blackwelder, R. G. Sargent, and others: Research in China, 

Carnegie Inst., Pub. No. 54, vol. 1, pt. 1 (1907) p. 53-57. 

19 A. W. Grabau: op. cit., p. 644. 


2C. C. Liu and Y. T. Chao: Geology of southwestern Chekiang, Geol Surv. China, Bull., no. 9 
(1927) p. 22. 
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Wong reports the discovery of Lycoptera in the Kienteh formation, 
thus confirming its age as Wealden, equivalent to the Lycoptera beds 
of Shantung. Liu and Chao compare the Kienteh with the Lower Cre- 
taceous Kweichow series of Hupei, and the Laiyang shale of Shantung, 
although in his table on page 13 the Kienteh is labelled “Upper Creta- 
ceous.” A thick series of rhyolitic flows and tuffs conformably overlies 
the Kienteh sediments. 

In western Fukien province, Wang and Li? report the same Kienteh 
(or Chienteh) formation that Liu and Chao described in Chekiang. 
They use the name Wuyi formation to include the sediments with the 
overlying volcanic series, because “the volcanic activity really begun 
with the Chienteh series but became more intense in the latter phase.” 
The total thickness of the Wuyi is 1700 meters. 

In eastern Kiangsi province, Kao ** recognized the Wuyi formation of 
sandstones with interbedded, and overlying, volcanic rocks. The latter 
include the lower andesite and trachyte, the middle agglomerate, red 
tuffaceous sandstone and rhyolite, and the upper rhyolite and quartz 
porphyry. 

The Wutsunpu series on the Kansu-Shensi border contains several spe- 
cies of Lycoptera and may be correlated with the Ondai Sair. 

In the Kansu-Shensi section, the Liupanshan series directly overlies 
the Lower Cretaceous Lycoptera beds of the Wutsunpu series. 

Yuan * writes: 

“The strata are mainly composed of green, red and white sandstones, and green 
and bluish green shales, together with two odlitic limestones near the bottom and 
several thin layers of white and drab dense unfossiliferous limestones near the top. 
They are rather faulted than folded, and generally dip toward the west, except 
where at smaller faults a short section dips eastward.” 


Small insects, Estherias, and plant remains were found by Andersson. 
Grabau, although remarking that the biota fails to indicate a precise 
horizon, has tentatively assigned the formation to the Upper Cretaceous. 
In 1931, Chi*® identified Estheria middendorffi var. sinensis Chi and 
E. kansuensis Chi from material collected by Yuan in the Liupanshan 
formation; and concluded that the formation is “essentially equivalent 
to the Lower Cretaceous continental formation of the Yangtze, Shantung 


21W. H. Wong: The major stratigraphical divisions in the middle and lower Yangtze valley, Geol. 
Surv. China, Bull., no. 14 (1930) p. 27. 

2H. S. Wang and C. Y. Li: Geological reconnaissance along the Nanking-Nanping section of the 
projected railway line from Nanking to Canton, Geol. Surv. China, Bull., no. 14 (1930) p. 9 (in 
Chinese with English summary). 

23P. Kao: Geology of Yushan and Kuangfung of eastern Kiangsi, Geol. Surv. China, Bull., no. 23 
(1933) p. 2 (in Chinese with English summary). 

*P. L. Yuan: Geological notes on eastern Kansu, Geol. Soc. China, Bull., vol. 4, no. 1 (1925) p. 21-28. 

% Y. S. Chi: On the occurrence of fossil Estheria in China and its geological significance, Geol. 
Soc. China, Bull., vol. 10 (1931) p. 189-229. 
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and other regions of China.” This discovery virtually adds the Liupan- 
shan to the underlying Wutsunpu formation. The table (Pl. 1) indicates 
the continuity of the two formations. 

Near Yufangtou in northern Shensi, Teilhard and Licent?* found a 
series of gray sandstones and shales with many thin beds of coal, which 
furnished a rich Wealden flora of “ferns, Equisetum and Pinus.” WNorth- 
west of Yufangtou, the gray shales are overlaid by thin marls, which 
are covered by a thick red sandstone “which appears to mark the estab- 
lishment of a strictly continental regime.” In the marls, abundant ganoid 
remains were found, and Wang reports “coprolites of sharks”—probably 
fresh-water forms. Westward from Yufangtou, variable gravels, sands, 
clays, and sandstones—chiefly red, but including white and green beds— 
lie almost horizontally on the broad Ordos platform, within the great 
bend of the Yellow River. They are characterized by Cypris, Estheria, 
and scales of ganoids. The overlying deposits, of Pontian and Pliocene 
age, contain ganoid scales in their marly layers, and the Hipparion fauna 
in their higher beds of fine sandy clay. Apparently, the Upper Creta- 
ceous and the Lower and Middle Tertiary are unrepresented by sedi- 
ments in this large, stable block; during that long interval, the region 
was not sufficiently uplifted to cause the erosion of the relatively thin 
cover of almost unconsolidated Lower Cretaceous beds, nor sufficiently 
depressed to encourage the deposition and retention of later sediments, 
until Pontian time. Teilhard and Licent envisage the Ordos at the end 
of the Jurassic as “a low country covered by pines and ferns, sown with 
lagoons peopled by ganoids. . . . Subsiding between the folded marginal 
zones, the Ordos formed a basin where alluvia descending from the 
ranges accumulated.” 

In Shantung, the Laiyang formation, 700 to 900 meters thick, contains 
the Lycoptera fauna. The Mengyin formation, 380 to 1240 meters thick, 
has yielded molluscs by which Grabau ”’ correlated it with the Wealden 
Kweichow series. The Mengyin sauropod Helopus zdanskyi is described 
by Wiman ** as comparable with Camarasaurus. It confirms the Lower 
Cretaceous age of the Mengyin, and suggests a correlation with the sauro- 
pod horizons of the Gobi. 

Hsieh *° has described a Cretaceous section in the lower slopes of the 
Western Hills, which he divides into six formations. The fossil record, 


2% P, Teilhard de Chardin and E. Licent: Observations géologiques sur la bordure occidentale et 
méridionale de l’Ordos, Soc. Géol. France, Bull., 4e sér., t.24 (1924) p. 64, 89. 

27 A. W. Grabau: op. cit., p. 664. 

%C. Wiman: Die Kreide-Dinosaurier aus Shantung, Palaeontologia Sinica, vol. 6, fasc. 1, ser. C 


1929). 
2C. Y. Hsieh: Note on the geology of Changsintien-Tuoli area, southwest of Peiping, Geol. Soc. 


China, Bull., vol. 12, no. 4 (1933) p. 513-529. 
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so far as worked out,*° includes Onychiopsis psilatoides, Podozamites 
lanceolatus, Pityophyllum cf. staratschini, Cyparissidium sp., Conites 
sp.—a Wealden assemblage with Jurassic affinities. The entire series is 
placed tentatively in the Lower Cretaceous, as the Wealden fossils ex- 
tend to the highest formations. Hsieh makes the interesting observation 
that there are several structural and stratigraphic breaks in. the series. 
The coal-bearing formations in Jehol, including the Peipiao and other 
coal-fields, were assigned to the Cretaceous by Tan,*! who recognizes two 
formations. The lower Chihfeng formation, about 200 meters thick, 
consists of gray or yellowish shale and sandstone, with coals, conglom- 
erates, and some volcanic rocks, and contains abundant fossils of Lower 
Cretaceous age. The overlying Chaoyang is about 1000 meters thick and 
consists of tuffs and conglomerates with some coals. Tan considers it 
equivalent to the Chingshan, or tuff-conglomerate, of Shantung, which 
is probably also of Lower Cretaceous age. 

In southern Manchuria and Jehol, Endo * describes a Chiufutang 
series of conglomerates and green shales including black oil-shale mem- 
bers. They contain Lycoptera jeholensis, Estheria middendorffi, Ephem- 
eropsis trisetalis, and other fossils that identify the Chiufutang with the 
Jehol series, which also contains the Lycoptera fauna, and so may be 
correlated directly with the Ondai Sair. Van Straelen ** describes a 
crayfish from this formation, and infers Neocomian age. 

Licent and Teilhard ** report additional Cretaceous formations from 
Jehol and western Manchuria; including the Tatzuku basin, character- 
ized by Lycoptera beds rich in fishes, with the pelecypods Cyrena, Mel- 
anopsis, and Ancyclus. Teilhard correctly correlates these beds with the 
Wealden Jehol series of Grabau. But, he adds, “everywhere in N. China 
the end of the Lower Cretaceous times seems to be indicated by powerful 
rhyolitic intrusions. To the Upper Cretaceous times (Mantienmen series 
of Kalgan) we refer in consequence, the post-rhyolitic conglomerates of 
Jehol.” It is by no means proved that the Nantienmen is of Upper 
Cretaceous age; at present, the available evidence favors its assignment 
to the Wealden. 

The Peipiao coal-field lies in southwest Manchuria, on the border be- 
tween Fengtien and Jehol. Originally assigned to the Jurassic because 


*C. H. Pan: On some Cretaceous plants from Fangshan Hsien, southwest of Peiping, Geol. Soc. 
China, Bull., vol. 12, no. 4 (1933) p. 533-538. 

s1H. C. Tan: Geology of the Pei-Piao coal field, Chao-Yang district, Jehol, Geol. Surv. China, 
Bull., no. 8 (1926) p. 1 (in Chinese with English summary); Geology of eastern Jehol and western 
Liaoning, Geol. Surv. China, Bull., no. 16 (1931) p. 1 (in Chinese with English summary). 

32 Ruiji Endo: Geology and ore deposits of Manchuria (1934) Sanshodo Co., Tokyo. 

33'V. Van Straelen: On a fossil freshwater crayfish from eastern Mongolia, Geol. Soc. China, Bull., 
vol. 7, no. 2 (1928) p. 133-138. 

%P. Teilhard de Chardin: The geology of the Weichang area, Geol. Surv. China, Bull., no. 19 
(1932) p. 12, 15, 40. 
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of the flora, it has been compared recently with the Vitim-Turga forma- 
tions because of the presence of Estheria and certain insects. It is dis- 
conformably overlaid by the Upper Cretaceous Yihsien series, to be 
discussed later. 

The Heishan series in western Fengtien province, Manchuria, includes 
conglomerates, sandstones, shales, marls, and coals. The beds are tilted, 
dipping 10° to 20° to the southwest. The formation is 520 meters thick, 
and was formerly classed as Upper Jurassic. But, Kryshtofovich * 
has recognized its correlation with the Nikanian of the Ussuri region, 
and H. C. Tan * has definitely concluded that the Heishan is of Lower 
Cretaceous age. 

The Huanjen formation, in eastern Liaoning province, has yielded 
Estheria, referred to E. middendorffi by Chi,** who correlates the Huanjen 
formation with the Lower Cretaceous Estheria-bearing shales of the 
Vitim River. 

In the Hokang coalfield, Heilungkiang province, Manchuria, the basal 
Shihtouho series of sandstones and shales contains plants of which 
Grabau ** remarks: “These indicate the Jurassic (or early Cretaceous) 
age of the strata.” He refers again, to the “usual assumption of the 
Jurassic age of these strata,” and points out the structural evidence for 
assigning them to the Cretaceous. The Shihtouho series rests directly 
upon Archean gneiss, indicating that the land was high enough to undergo 
erosion until the deposition of these beds began. The area lies in a 
trough that was formed only after the Yenshan revolution had folded 
and elevated the thick Jurassic deposits in China proper. Thus, the 
Hokang area, which had consistently behaved as a positive area before 
Shihtouho time, reversed its structural-dynamical habit and became a 
sinking area. It received the Shihtouho series, 600 meters thick, fol- 
lowed, after a time interval, by the Nanling conglomerates, 100-700 
meters thick, over which, after another interval of unknown duration, 
the Tungshan lavas were poured to a depth of about 1000 meters. Slight 
disturbances have tilted the series at angles of 2° to 12°, locally to as 
much as 30°—about the degree of disturbance commonly noted in the 
Lower Cretaceous formations in Mongolia. Grabau * writes: 

“This fact, too, is suggestive of the Cretaceous age of these strata, since we know 


that Tertiary deformation in this region has been slight and mostly limited to faults. 
On the whole then it would seem most in accord with the stratigraphic and struc- 


% Quoted by V. A. Obruchev: Geologie von Sibirien (1926) p. 327. Berlin. 

% H. C. Tan: On the existence of the Cretaceous coal-series in North China, Geol. Soc. China, Bull., 
vol. 6, no. 1 (1927) p. 53-59. 

Y. S. Chi: op. cit., p. 196. 

38 A. W. Grabau: op. cit., p. 350. 

8 Op. cit., p. 727. 
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tural relations as well as its geographical occurrence, to refer this entire series of 
formations to the Cretaceous, and that in spite of the fact that the flora retains its 
Jurassic affinities.” 

The only recorded plants that the Shihtouho flora has in common with 
the Vitim-Ondai Sair flora are Cladophlebis and Czekanowskia—neither 
of them sharply diagnostic. 

Kobayashi *° describes for Korea a late Jurassic diastrophic movement, 
which folded the strata and ushered in igneous activity in late Jurassic 
and early Cretaceous time. The Daido formation is the highest member 
involved in the folding. The unconformably overlying Naktong forma- 
tion begins with a basal conglomerate and grades into sandstones and 
shales. It contains a rich flora including Coniopteris hymenophylloides, 
Onychiopsis mantelli, Adiantites sewardi, Cladophlebis denticulata, Ruf- 
fordia goepperti, Podozamites lanceolatus, Ginkgottes sibirica. Yabe * 
and Tateiwa ** considered the Naktong to be of Upper Jurassic age, 
and, as in so many of these inland formations, the biota has a Jurassic 
aspect. But the assemblage is similar to that of the Nantienmen, the 
Peipiao, and other floras, which have been assigned to the Wealden. Its 
position above the great unconformity strengthens the inference of Lower 
Cretaceous age, especially as Kobayashi** concludes that “the late 
Mesozoic crustal movement occurred first in the continent and then 
spread outward wave by wave to the outer zone of the Japanese Islands” 
—a conclusion that should favor a later, rather than an earlier, date 
for the Naktong beds. 

In the Kalgan area, Barbour ** describes the Kalgan series of porphy- 
ries upon which rests the Nantienmen formation of clastic sediments. 
The Kalgan series is tilted, and even moderately folded, “with limbs 
dipping at angles up to 45°.” Barbour attributes the deformation to 
the later stages of the Yenshan revolution. The conglomerates of the 
Nantienmen formation overlie a ruggedly dissected surface of the por- 
phyry, even filling gorges 600 feet deep in it, according to Barbour. The 
pebbles are chiefly derived from the porphyries, and the “slight orogenic 
spasm which disturbed the Kalgan series did not affect the overlying 
Nantienmen beds.” The latter contain Wealden plant remains, and a 
few fragmental dinosaur bones. Barbour considers the time interval 
between the porphyries and the conglomerates to be brief, and concludes 
“the Kalgan series must be either very late Jurassic or very early Creta- 
ceous in age.” 


# Teiichi Kobayashi: A sketch of Korean geology, Am. Jour. Sci., 5th ser., vol. 26, no. 156 (1933) 
p. 600-601. 

41H. Yabe: Mesozoic plants from Korea, Coll. Sci., Imp. Univ., Tokyo, Jour., vol. 20, art. 8 (1915). 

“1. Tateiwa: Geological atlas of Chosen, no. 10, Geol. Surv. Chosen (1929). 

 Teiichi Kobayashi: op. cit., p. 601. 

“4G. B. Barbour: Geology of the Kalgan area, Geol. Surv. China, Mem., ser. A, no. 6 (1929) p. 34-52. 
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The writer is inclined to assign the Kalgan series to the Jurassic, be- 
cause of the discordance in structure between it and the Nantienmen, 
and because the porphyries resemble, in composition and in thickness, 
many other volcanic series in China, Manchuria, and the Gobi, which 
have been assigned to the Jurassic.*® 

The Nantienmen includes gray porphyry conglomerates, white and red 
sandstones, gray and black shales, and thin coals. The geologists of the 
Expedition originally named this the Wanchuan formation; but Bar- 
bour’s prior publication gives precedence to the name Nantienmen. Plant 
remains were collected by Andersson,** who, noting the presence of Podo- 
zamites, tentatively put the formation into the Jurassic column. Sew- 
ard *’ identified the most abundant plant as Onychiopsis psilotoides, a 
widely distributed Wealden type. He recognized other Lower Cretaceous 
plants in this biota, but, even in placing it in the Wealden, he admitted 
the possibility that it might be of Upper Jurassic age. A few reptile bones, 
discovered by Berkey, were collected by Barbour and examined by Gil- 
more, who recognized them as theropod bones, but did not describe them. 

In the Patschan beds on the Tola River, fishes resembling Lycoptera 


were found. 


Ongong.—The Ongong formation in the Gobi has yielded saurischian 
bones and teeth to which Gilmore ** gave the name Mongolosaurus hap- 
lodon. He compared the new genus with Diplodocus and Pleurocoelus, 
but says that it is not closely related to either. Considering the retarded, 
Jurassic aspect of all the early Cretaceous biotas of Central Asia, the 
writer agrees with Spock,*® in placing the Ongong near the Oshih, which 
contains the giant sauropod Asiatosaurus. 


Jasu Jergulung.—About 8 miles west of the frontier customs station, 
Jasu Jergulung, about Lat. 42° 55’ N., Long. 109° 40’ E., there is an 
eastward-facing escarpment of typical black paper-shales, which may be 
correlated with the Ondai Sair, as they contain abundant Estheria mid- 
dendorffi. The beds were called the Jergulung formation, as no native 


45 R. Verbrugge: Un pays de laves en Mongolie du Sud (1922). Antwerp. 
P. Teilhard de Chardin: Etude géologique sur la région du Dalai-Noor, Soc. géol. de France, n.s., 


Mem. 7, t. 3, fasc. 3 (1926). 


H. 8S. Wang: Ancient vol: of H. hua, their rock types and geologic age, Geol. Surv. China, 
Bull., no. 10 (1928). 
W. H. Wong: Crustal m ts and ig activities in eastern China since Mesozoic time, 


Geol. Soc. China, Bull., vol. 6 (1927). 
C. P. Berkey and F. K. Morris: Geology of Mongolia, p. 46. 

46 J, G. Andersson: Essays in the Cenozoic of North China, Geol. Surv. China, Mem., ser. A, no. 3 
(1923). 

47 A, C. Seward: Personal communicaiion to Barbour. Cited in G. B. Barbour, op. cit., p. 50. 

48C, W. Gilmore: Two new dinosaurian reptiles from Mongolia with notes on some fragmentary 
specimens, Am. Mus. Novitates, no. 679 (1933) p. 11. 

#1, E. Spock: New Mesozoic and C ic formati tered by the Central Asiatic Expedi- 


tions in 1928, Am. Mus, Novitates, no. 407 (1930). 
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name could be found for the scarp. The exposed thickness is about 
100 feet. The base was not seen; the top is the Gobi erosion plane. 


Ochungchelo.——At Ochungchelo, in a triangular re-entrant bounded by 
intersecting faults in the northern face of the Dunde Saikhan Range, 
sediments are upturned, dipping steeply away from the mountain fronts, 
toward the northeast and northwest (Fig. 2). The base of the section 
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Ficure 2.—Block diagram of the re-entrant at Ochungchelo 
Most of the minor faults are omitted. 


could not be found at either side of the faulted syncline; but the inclu- 
sion of pebbles of silicified ash, argillite, and fine-grained porphyries in 
the lower conglomerates indicates that the Ochungchelo formation rests 
directly upon the Gurbun Saikhan rocks. Along the western fault, the 
visible section, begins with 700 feet of alternating beds of red and gray 
clay and conglomerates, which dip 48 degrees northeast. Moderate 
shearing has developed a rhombohedral structure, related to the upthrown 
mountain front—indicating that, here, the only disturbance is due to the 
uplift of the Altai block. A sauropod bone was found in red sandy clay, 
nearly 200 feet above the base of the section. The next member consists 
of hard, red, slightly sandy clays and thin red sandstones, aggregating 
230 feet. The red beds are succeeded by gray clays, soft thin-bedded 
drab shales, fine gray sandstones, and thin lenses of marly limestone. 
The next section includes prevailingly buff and brown clays, 700 feet 
thick, with beds of deep red and greenish and pink clays and sandstone 
and thin conglomerates. The relation of this group to the underlying 
gray and red beds is obscured by faulting. The top of the formation 
is not exposed. The upland is a complex series of erosion surfaces. 
The entire formation is cut by many steeply dipping faults, which 
intersect in a mosaic pattern. Several minor faults lie parallel to the 
re-entrant mountain fronts, but the chief fractures diverge northward. 
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All the faults are veined with calcite, and abundant calcite veins ir- 
regularly traverse the strata without notable displacement. 

Other reports *° have postulated a sedimentary cover for most of the 
Gurbun Saikhan area during Lower Cretaceous time, basing the infer- 
ence chiefly upon studies of the Ochungchelo, Djadokhta, and Gashato 
formations. The prevailing fineness of grain, and the regular and thin 
bedding of the Ochungchelo, imply that the Gurbun Saikhan ranges were 
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Ficure 3—Section from Ochungchelo to Dubshih 


Vertical and horizontal scales are equal. Maximum thicknesses are plotted; minor faulting is omitted ; 

therefore, the section appears somewhat too thick, especially in the lowest formations. The diagram 

shows that thin deposits were formed in this basin, at long intervals, and that, during the hiati, 
erosion was so slight that it failed to remove these thin, weak sediments. 


not prominent when these beds were laid down. It is probable that much 
of the site of the present mountains was covered by the deposits of later 
Mesozoic time, a suggestion that is strengthened by the thickness of the 
upturned beds. The northward dip, if the formation continues far out 
into the basin, would carry it underneath the Djadokhta. Therefore, it 
may be essentially equivalent to the Dubshih formation, which lies 
immediately beneath the Djadokhta and is exposed about 35 miles north- 
west of Ochungchelo (Fig. 3). 


Dubshih.—Fourteen miles west of the Expedition’s camp at Shabarakh 
Usu, in the Djadokhta district, a mesa of rhyolite and basalt, called 
Dubshih, forms the most prominent landmark for many miles. The name 
Dubshih Gashuin Bologai is given to an important spring on the main 
caravan trail, 3 miles east of the mesa. In the dissected ground between 
Dubshih mesa and the spring a series of tilted strata forms a strati- 
graphic unit to which the name Dubshih formation has been given. 

The beds dip eastward at angles varying up to 20 degrees, and strike 
almost due north-south. The steepest dips are found in the western, or 
lower, beds, near the mesa, but in the mesa itself the lava flows are 


50°C, P. Berkey and F. K. Morris: Basin structures in Mongolia, Am. Mus. Nat. Hist., Bull., vol. 51, 
art. 5 (1924) p. 118; Geology of Mongolia, p. 316-317. 

C. P. Berkey, Walter Granger, and F. K. Morris: Additional new formati in the later sedi- 

ments of Mongolia, Am. Mus. Novitates, no. 385 (1929) p. 4, 
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horizontal. The higher beds dip at progressively smaller angles until 
they become sensibly horizontal. The thickness cannot be less than 1,000 
feet, and is probably more, for the base of the formation is not exposed, 
and the nearest exposure of the oldrock floor is 15 miles to the northwest. 

The sediments here include two members: a lower group of pebble 
conglomerates, sandstones, and thin white limestones, totaling at least 
530 feet; and an upper group, nearly 300 feet thick, consisting chiefly 
of coarse rubble, rhyolitic tuff and ash, but including, also, conglomerates 
with pebbles derived from older sediments and porphyries. 

In the lower conglomerates the pebbles are chiefly of fine-grained 
phyllite, with fairly abundant limestone pebbles, some of which bear 
Paleozoic fossils. Less abundant are quartz, jasper, graywacke, silici- 
fied ash, and argillite. The limestones consist of a fine-grained white 
lime-mud, like marl, which includes varying amounts of sand. Dense 
white marly masses, like concretions, are present in some layers. The 
white limey beds contain shells of a small pelecypod and a gastropod, 
which have been sent to Grabau for study. No reptile bones were found. 

The base of the Dubshih is not exposed; its top passes under the 
typical fine red sands of the Djadokhta formation, marking an abrupt 
change in the character of the sediments. The entire exposure of the 
Dubshih formation occupies only 12 square miles. The faulting and 
tilting indicate a history similar to that of the Ochungchelo, Oshih, and 
Ondai Sair units; and the position of the Dubshih, lying unconformably 
beneath the Djadokhta formation, suggests that it belongs to the Lower, 
rather than to the Upper, Cretaceous. It is, in part at least, equivalent 
to the Ochungchelo, but it is more complex and quite different in phys- 
ical character, as well as in fossil content. On these counts, it deserves 
special definition. 

The Turga and Vitim formations in Transbaikalia contain the Lycop- 
tera fauna and are correlated with the Ondai Sair. 


Other basin deposits ——In the Ussuri basin, Kryshtofovich ** has sub- 
divided the thick, coal-bearing beds into two great series—a lower Mon- 
gugai series, whose flora is undoubtedly Jurassic with some Rhaetic affini- 
ties, and an overlying Nikan series of Lower Cretaceous age. In 1928, 
Kryshtofovich * reported from the Lipovetsky coal mine (apparently mis- 
printed Lipovtsy in English summary) a flora that includes the Wealden 
species Weichselia reticulata. Though most of the flora is of Upper 
Jurassic affinities, Kryshtofovich considers it to be of Wealden age. He 
assigns the Suifun coal-basin, also, to the Wealden, and notes that it 


51 A. N. Kryshtofovich: Geological summary of the region of the Far East, Cent. Inst. Sci. Research 
Geol. Reconnaissance, Leningrad (1932) p. 142-146, 150, 161-168, 212 (in Russian). 

52 A. N. Kryshtofovich: The Lipovtsy coal mine in the Ussuriland, Mat. pour la géol. gén. et appl., 
Com. Géol., liv. 81 (1928) p. 10 (in Russian). 
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rests directly upon the ancient crystallines—a fact which Grabau consid- 
ered significant in the Hokang coal-field. None of the plants or animals 
found in the Ondai Sair or in the formations correlated with it has been 
reported from the Nikan. And, despite the fact that the coal-bearing 
beds represent a moist climate near the seashore, and the sauropod-and- 
fish shales represent inland lakes, many of them in arid surroundings, 
there should be common species, if the formations are of quite the same 
age. Such species may yet be found, but it is quite possible that these 
formations are of a somewhat later zone than the Ondai Sair group. 

Eliashevich ** was the first to assign the Suchanian coal-bearing series, 
which is 3000 meters thick, to the Wealden. Locally, it discomformably 
overlies the Amurian series, which Eliashevich assigns to the Dogger. 
The topmost division of the “Jurassic” of eastern Asia, labeled “Ja°” 
by Eliashevich, has now been recognized by Kryshtofovich and 
Ivanov,** as Wealden, with the Nikan and Suifun series. 

Along the lower Amur, near the mouth of the river Gorin, there are 
black shales with marine bivalves, which Maak and Schmidt considered 
to be Jurassic, but which Obruchev assigns to the Lower Valanginian. 
Upper Cretaceous beds are found, also, to which reference will be made 
later. 

The coal-bearing shales and sandstones in the Bureya basin were con- 
sidered to be Jurassic until the study of an intercalated marine fauna 
placed them in the lowest Cretaceous.** Although Grabau ** classifies 
the Bureya plant-beds as “Lower Cretaceous because they have fur- 
nished Inoceramus cf. ambiguus, I. retrorsus and Oxynoticeras and Bel- 
emnites,” he interprets the marine beds as a transgression of the Anadyr 
sea, not of the Yakutsk Bay. The Bureya plant-beds are correlated with 
the Nikan of the Ussuri Basin and the Surak of the Olenek River, which 
contain the same marine fauna, and with the Bulun formation of the 
Lena basin, where plant-beds, as well as the marine fauna, are corre- 
lated. The Bureya beds contain a variety of Podozamites lanceolatus, 
comparable with the species in the Kalgan basin. The general Cze- 
kanowskia and Baiera are found in the Bureya and also in the Ondai Sair. 

In the Anadyr basin, a thick series of Cretaceous beds has been re- 
ported. At the rapids of the Anadyr River, Lower Cretaceous strata, 
1000 meters thick, have been assigned to the Neocomian. A _ boreal 
marine fauna has been reported, representing the zone of Olcostephanus 
stenomphalus. Middle and Upper Cretaceous beds are also present in 


58 Quoted by Obruchev: op. cit., p. 482. 

54 Quoted by Obruchev: op. cit., p. 327. 

8 A. N. Kryshtofovich: Geological summary of the region of the Far East, Cent. Inst. Sci. Research 
Geol. Reconnaissance, Leningrad (1932) p. 157. 

58 A, W. Grabau: op. cit., p. 376, 508. 
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the Anadyr basin, which, therefore, has the thickest, and most nearly 
complete, Cretaceous section in Asia, except for the Himalaya trough 
and Japan. 

In the broad basins of the Kolyma and Indigirka rivers, no Cretaceous 
beds have been reported. But in the Yana basin and the mountain rims 
that enclose it on the west and south—the Khara Ulakh and Verkhoyansk 
ranges—Vollosovich *’ reports a great section of Lower Cretaceous beds. 
The rocks are light sandstones, with Inoceramus and Aucella, and dark 
shales with plants. In the Yana Basin, Toll ** found a widely distributed 
series of Lower Cretaceous sediments. They consist of light-colored, 
coarse, rippled sandstones, shaly, coaly sandstones, micaceous, locally 
red sandstones, and black shales. On the northern slope of the Verk- 
hoyansk Mountains, Toll found sandstones and shales with Inoceramus, 
underlain by black shales with plants and fishes, and some coals. 
Cherski ** reported the same coal-bearing formation from the southern 
flank of the Verkhoyansk Mountains, whence it has been traced farther 
southward in the plateaus of the Aldan River. 

Obruchev © comments upon the fact that in the Khara Ulakh and 
Verkhoyansk mountains and in the Aldan and lower Lena basins, an 
immense area is underlain by near-shore marine beds alternating with 
fresh-water or continental sediments, bearing plants, coals, and fishes. 
He pictures shallow seas, lagoons, and coastal lakes, with forests grow- 
ing upon their shores during latest Jurassic and earliest Cretaceous time. 

Similar plant beds, coals, shales, and marine sandstones are found in 
the basin of the Lena River, and extend westward to the Taimyr Penin- 
sula. They have been reported in valleys of the Olenek, the Anabara, 
and the Khatanga. The marine beds increase and the coals and plants 
diminish as the Lower Cretaceous beds are followed westward; and in 
the Khatanga Valley, the Taimyr Peninsula, and the lower Yenisei val- 
leys, only marine beds are reported. Several diverse faunas have been 
collected, probably indicating as many separate horizons; but all authori- 
ties agree that there is great need of re-examination and revision through- 
out the northern region. On the river Olenek, the Lower Neocomian 
was divided into an upper Inoceramus stage and a lower Surak stage.™ 
These beds were formerly regarded as Jurassic. Grabau ® states that 


57K. Vollosovich: Report on the traverse between the Lena and Lake Tastakh, Acad. Sci. St. 
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the marine Lower Cretaceous deposits of the Lena and the Aldan can 
be traced southward to about Lat. 50° N., in what in Lower Cretaceous 
time was Yakutsk Bay. 


PROBLEMATIC CORRELATIONS 


Many formations in Central Asia have been doubtfully referred to 
the Cretaceous, and may be listed as worthy of further investigation. 

Ahnert,® in his important work on the mineral resources of northern 
Manchuria, cites many formations that may prove to be of Cretaceous 
age, but none that is definitely assignable to that period. Several for- 
mations are correlated with the Nikanian, which Kryshtofovich has 
placed in the Lower Cretaceous. In another paper, Ahnert * has listed 
six areas from which Kryshtofovich has identified Nikanian plants. 

It is probable that many more of the continental shales and sand- 
stones in southern Siberia will be assigned to the Lower Cretaceous as 
the work of critical correlation progresses. Many deposits in the grabens 
of the Transbaikal block-mountains are similar in structural relations 
to the Turga and Vitim formations, and future studies may prove some 
of them to be of Lower Cretaceous age. Estheria, with other crusta- 
ceans, fish-scales, and plants, is reported from the Bukukinsk Karaul, 
“where a series of sand and clay 60 m. thick is covered by basalt.” The 
location is in Transbaikalia, not far from the Vitim and Turga forma- 
tions. The biota, the horizontal structure, and the poorly consolidated 
sediments suggest that the age may be Wealden.® In the Irkutsk basin, 
the highest formation consists of shaly sandstones and shales with 
plants and thin coals, called the Irkut or Irkutsk stage. It has been 
assigned to the Lower Cretaceous. Under the Irkut stage, and sepa- 
rated from it by a disconformity, lies the Sukhov stage, which Khakh- 
lov ® placed in the Upper Jurassic. Beneath this is the Barkhatov 
stage, which contains the famous Ust-Balei biota. Khakhlov and 
Cheremkov have independently placed the Barkhatov in the Jurassic. 
The biota is so distinct from that of the Vitim-Turga horizon that it 
must be of markedly different age. 


63 —. E. Ahnert: Mineral resources of North Manchuria, Geol. Surv. China, Mem., ser. A, no. 7 (1929) 
p. 23, 79, 81, 82, 87, 103, 104. 
« E. E. Ahnert: Les nouvelles découvertes de la flore fossile dans la Manchourie du nord, Geol. Soc. 
China, Bull., vol. 4, no. 2 (1925) p. 95-97. 
@® VY. A. Obruchev: op. cit., p. 316. 
@ VY. A. Khakhlov: The fossil plants of the Irkutsk coal basin, Geol. Com. Tomsk., Sib. Div., Bull., 
vol. 4, no. 2 (1924) (in Russian). 
@T. D. A. Cockerell: Fossils in the Ondai Sair formation, Mongolia, Am. Mus. Nat. Hist., Bull., 
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Neiburg ® reports Jurassic sediments in western Mongolia at three 
localities just north of the Mongolian Altai, and south of the Valley of 
the Lakes. The steeply tilted sediments include a thick series of con- 
glomerates, sandstones, shales, and thin coals, resembling closely those 
which the Expedition described as Jurassic, from stations much farther 
east. Plant remains were fairly abundant, including Czekanowskia 
rigida, Cladophlebis haiburnensis, C. sp., Podozamites lanceolatus, Ginkgo 
digitata, G. sibirica, Pityophyllum sp., Phoenicopsis sp., Pterophyllum 
sp. This is a typical Jurassic flora; but most of these forms are also 
known from the formations that have been assigned to the Wealden at 
Ondai Sair, in Manchuria, and in Siberia. In the overlying sediments, 
Neiburg recognizes only late Tertiary horizons; but there is strong possi- 
bility that Cretaceous beds may be found, as the Batyr-Khairkhan Range 
lies in almost exact continuation of the geologic structures in which the 
Ochungchelo, Djadokhta, Dubshih, Sairim, Oshih, and Ondai Sair for- 
mations were found by the Expedition. 

Lebedeva * found bones of fishes and other vertebrates in “Gobi sedi- 
ments” that unconformably overlie plant-bearing Jurassic beds. Beck- 
with,”° reviewing Lebedeva’s paper, suggests that some of the later sedi- 
ments may be Cretaceous. The region lies north of that investigated by 
Neiburg. 

At many places along the Dzungarian border, loose sands and vari- 
colored sandstones, conglomerates, marls, and clays with coals have been 
found. The upper horizons contain reptile bones and Unio shells. The 
lower and middle horizons yield plants that Seward determined as Mid- 
dle Jurassic. An Estheria was found in the plant-beds. Considering the 
Jurassic aspect of the Lower Cretaceous flora throughout Central Asia, 
it is possible that the entire series is Cretaceous.” 

Teilhard,”* in his journey from Kalgan to Hami, noted sediments 
which, in the absence of fossils, he was inclined to regard as Jurassic, 
Cretaceous, or even early Tertiary. In the basin of Ha Liao Tan Gol, 
he recognized the same sediments from which Young described Psitta- 
cosaurus and Protiguanodon. Beneath the Pontian red-beds in the 
Aberhu basin, he saw pink clayey sands with concretions and a few 
pebbles, and compared the series with Upper Cretaceous beds in Mon- 
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golia. In the Painte Tologai, he describes a thick series, dipping 40 
degrees south-southeast, and consisting of greenish “almost paper shales” 
and gypseous beds, alternating with sandy layers, which, in the badlands 
of Painte Tologai, pass under horizontal red Pontian clays. He believes 
that the tilted beds are Jurassic or Cretaceous, and hints that the latter 
is the more likely; but fossils were not found in them. 

Along the Edsin Gol, between the range Kuk Ula and Tien Tsang, 
Teilhard observed a series of greenish, gypsum-bearing clays, which 
form an open syncline; and farther south, just west of the Edsin Gol, 
opposite Tien Tsang, he found red-beds and gravels, almost unconsoli- 
dated, but dipping vertically. Farther west, in the basin of Hung Liu 
Ko Ta, he recorded a section of yellow and red sands and gravels, over- 
laid by almost unconsolidated red-beds and conglomerates, like those 
of Tien Tsang, but dipping steeply northward. Lacking fossils, Teil- 
hard considers that their age may lie between Jurassic and pre-Pontian, 
but that they probably are Cretaceous. 

In the western Richthofen Range of the Nanshan mountain system, 
Sun 7° describes the Hungkou formation, approximately 1000 meters 
thick, consisting of red cross-bedded sandstones, locally conglomeratic. 
He believes it to be Cretaceous, though no fossils were found. It is 
succeeded by the Liyuankou series, “a transition zone of green and red 
sediments . . . finally replaced by green sandstone and shale, sometimes 
containing bluish gray earthy limestone layers.” Sun considers the 
Liyuankou to be equivalent to the Liupanshan of eastern Kansu, which 
is of Wealden age. 

In the same region, Hou and Sun“ report a section in western Kansu, 
northwest of Lanchowfu, where the Yaochieh formation, consisting of 
gray paper-shale with thin coals, overlaid by red sandstone, rests un- 
conformably on the ancient rocks. In “clayey limestone nodules,” fossils 
were found, among which Young” identified the dorsal fin-spine of the 
fresh-water shark Hybodus sp., “of probably Jurassic or Lower Creta- 
ceous age.” Sun places the Yaochieh in the Upper Jurassic. 

Wang * describes a series of deep-red, cross-bedded friable sandstones, 
’ 300-400 meters thick, which covers a large area in western Shensi and 
eastern Kansu. No fossils were found in it, but Wang judges, by its 
stratigraphic position, that it should be Jurassic or Cretaceous. 


73C. C. Sun: On the stratigraphy of upper Huangho and Nanshan regions, Geol. Soc. China, Bull., 
vol. 15, no. 1 (1936) p. 83. 

™%T. F. Hou and C. C. Sun: A geological section northwest of Lanchow, Geol. Soc. China, Bull., 
vol. 14, no. 1 (1935) p. 46. 

7% C. C. Young: On a dorsal fin-spine of Hybodus from northwestern Kansu, Geol. Soc. China, Bull., 
vol. 14, no. 1 (1985) p. 53-56. 

76C, C. Wang: On the stratigraphy of North China, Geol. Soc. China, Bull. vol. 4, no. 1 (1925) 
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In the Western Hills of Peiping, Chern and Hsiung ” describe a Tung- 
lingtai formation, composed of rhyolite, trachyte, and agglomerate, with 
some sandstones and shales. It is overlain by a greenish rhyolite, above 
which, in turn, is the Tunglangkou agglomerate. Chern and Hsiung 
regard these formations as of Cretaceous age, because they rest uncon- 
formably upon the underlying rocks, which include some known Jurassic 
formations. The Tunglangkou is overlain by the “Tahuichang black to 
yellowish green shales bearing Estheria.” Because of the structural rela- 
tions, the Cretaceous age of the formations above the unconformity, and 
beneath the Estheria beds, appears to be a fair inference. 

Reptile bones and teeth—the latter doubtfully identified by Young,”* 
as possibly saurischian, or more probably crocodilian—are reported from 
a fresh-water limestone in the lower beds of the Tzekuei series (or 
Kweitzu series) in the Red Basin of Szechwan, where they are associ- 
ated with Cyrena and other mollusc shells. 

In Kiangsi and Fukien provinces, Tan and Wang” described the 
Nancheng formation of red sandstones, 500 meters thick, which uncon- 
formably overlies the Jurassic series. No fossils were found, but the 
Nancheng was tentatively assigned to the Cretaceous. 

In northern Kwangtung, Chu Tingoo * has noted Jurassic coal-bearing 
formations. He collected Taeniopteris maclellandi(?), Podozamites 
lanceolatus, Ptilophyllum acutifolium, Pterophyllum nathorsti, Nilssonia 
princeps; and elsewhere in the province, Arnold Heim and others added 
Asplenium whitbyense to this list. The aspect of the flora is Jurassic, 
but, as several forms are found also in the Wealden of northern China, 
Mongolia, and Siberia, the possibility of a Lower Cretaceous age should 
not be overlooked. 

UPPER CRETACEOUS FORMATIONS 


Djadokhta.—Because of the primitive character of the Cretaceous 
faunas that the Expedition collected in Central Asia, the geologists at first 
were inclined to place all the formations in the lower division. This in- 
ference was especially fair where the biotas were of Jurassic affinities. 
Later, some of the formations were assigned to the Upper Cretaceous. 
The Djadokhta and the Iren Dabasu formations are the critical cases, 
and, if they are of Upper Cretaceous age, a number of other formations, 


7M. K. Chern and Y. H. Hsiung: Note on some thrusts in the Western Hills of Peiping, Geol. 
Soc. China, Bull., vol. 14, no. 4 (1935) p. 541. 

7% C. C. Young: On the reptilian remains of the Tzuliuching formation (Tzekuei series) near Chung- 
king, Szechuan, Geol. Soc. China, Bull., vol. 14, no. 1 (1935) p. 67-72. 

7H. C. Tan and S. W. Wang: Geological reconnaissance along the projected railway line from 
Nanchang to Fuchow, Geol. Surv. China, Bull., no. 14 (1930) p. 3 (in Chinese with English summary), 

® Chu Tingoo: Notes on the stratigraphy of northern Kwangtung, Geol. Soc. China, Bull., vol. 11, 
no. 1 (1931) p. 78-79. 
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which can be correlated with them, will occupy the same part of the 
column. 

The stratigraphy of the Djadokhta has been described ** and need not 
be repeated here. Much uncertainty exists as to the correlation of the 
Djadokhta beds. No other formation is known to contain the same 
fauna. Gregory and Mook ® referred it to the Lower Cretaceous; but 
this was because in the first brief examination on the evening when the 
formation was discovered, the geologists knew neither the structural rela- 
tions of the Djadokhta to the underlying Dubshih beds, nor the char- 
acter of the fauna. 

Osborn ** at first regarded the Djadokhta life zone as “near the begin- 
ning of Upper Cretaceous time;” but in a later paper,** he correlates it 
with the “Senonian, Danian, Edmonton,” chiefly because of the resem- 
blance of Protoceratops to Leptoceratops of Alberta. He cites, also, the 
resemblance of the Djadokhta multituberculate to Cernaysian and Torre- 
jon forms. 

A case might be made out for the thesis that the Protoceratops was 
the ancestor of the giant American ceratopsians. The small size, the 
slender “frill,” the definitely ceratopsian dentition, the faint suggestion 
of small horns in the arched and roughened bone over the eyes and nose, 
may be reckoned as primitive traits. The forelimbs, shorter and more 
slender in comparison to the powerful hind-legs, imply that an earlier 
bipedal habit was being modified to a secondary quadrupedal structure, 
adaptive to the heavier and larger skull, whose frill and beak were in- 
creasing. The horns, the beak, the frill, the mighty increase in the fore- 
quarters, reached a culmination in the American ceratopsians. Gregory 
and Mook * conclude: 


“Protoceratops affords decisive evidence for Dollo’s inference that the gigantic 
quadrupedal ceratopsia have been derived from some small bipedal predentates. 
In skull it is already in a primitive ceratopsian stage, but its postcranial skeleton 
retains much of the bipedal heritage, especially in the pelvis and hind limbs, which 
was lost by its gigantic descendants. 

“When compared with the small bipedal predentates Psittacosaurus and Proti- 
guanodon, also of the Cretaceous of Mongolia, Protoceratops exhibits such a great 
number of significant agreements in the skull, dentition, vertebrae and limbs, that 
the existence of an earlier common ancestral stock is virtually demonstrated, Psitta- 
cosaurus retaining much the greater number of primitive characters. More pre- 


8 C. P. Berkey and F. K. Morris: Geology of Mongolia (1927) p. 356-357. 

# W. K. Gregory and C. C. Mook: On Protoceratops, a primitive ceratopsian dinosaur from the 
Lower Cret of Mongolia, Am. Mus. Novitates, no. 156 (1925). 

83H. F. Osborn: Three new Theropoda, Protoceratops zone, central Mongolia, Am. Mus. Novitates, 
no. 144 (1924) p. 1. 

& H, F. Osborn: Ancient vertebrate life of Central Asia, in Livre Jubilaire, Soc. Géol. France, Cen- 
tenaire (1930) p. 534. 
8 W. K. Gregory and C. C. Mook: op. cit., p. 6-8. 
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cisely, some pre-Wealden bipedal predentate closely allied to Hypsilophodon ap- 
pears to be indicated as the common ancestral stock, not only for the camptosaurs, 
iguanodons, trachodons, and corythosaurs, but also for the variously specialized 
psittacosaurs, troddons, acanthopholids, nodosaurs or ankylosaurs, and ceratopsians.” 


The derivation of Protoceratops from a primitive predentate ancestor 
closely related to Psittacosawrus should require a long time-interval be- 
tween the life-zones containing these genera, and would, therefore, sug- 
gest that the Djadokhta is considerably later than the Oshih. Gregory 
and Mook find that Leptoceratops represents a distinctly more advanced 
stage than Protoceratops, in the evolution of the great ceratopsians. 

If Protoceratops represents the ancestral stock from which came the 
great ceratopsians, the Djadokhta must be assigned to a much earlier 
horizon than that of the American ceratopsians—not later than Ceno- 
manian. But one cannot deny the possibility that Protoceratops is 
merely a late-surviving primitive form. Even if it be not actually the 
ancestor of the American family, its primitive structure and its relation 
to the Psittacosaurus-type suggest Central Asia as the source of the 
ceratopsians. 


If Protoceratops be of late Cretaceous age—say, Lance—one should 
look for other Lance types among the Djadokhta fauna; especially for 
creatures capable of long migration. But not one appears, and none 
of the Djadokhta forms is found in Europe or America except Leptocera- 
tops, if the two be congeneric. There is no reason why Leptoceratops 
alone of a large and varied ceratopsian fauna should have migrated to 
Asia. 

The paleontology of Central Asia is still in the pioneer stage; further 
exploration may reveal the presence of large ceratopsians; for example, 
the discovery at Baiying Bologai, of a single bone, which Gilmore ** com- 
pared with Pentaceratops, seemed to indicate a migration of these big 
reptiles from America. In a letter, Gilmore adds that he is not certain 
that this bone is ceratopsian. By so slight a margin, one escapes, for 
the moment, from reversing the inferred current of migration. 

The facts that all known ceratopsians are of Upper Cretaceous age, 
and that Leptoceratops, a “little modified survivor” of the family Pro- 
toceratopsidae is found in the Edmonton formation of North America, are 
justification for including Protoceratops within the Upper, rather than 
the Lower, Cretaceous. The fact that the Djadokhta rests upon the 
eroded and upturned surface of the Lower Cretaceous Dubshih forma- 
tion, is an argument from structural geology to support the inference 
of Upper Cretaceous age for the Djadokhta. This inference is further 


8 C. W. Gilmore: Two new dinosaurian reptiles from Mongolia with notes on some fragmentary 
specimens, Am. Mus. Novitates, no. 679 (1933) p. 19. 
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supported by the absence of any genus found in the early Cretaceous 
beds, despite the presence of sauropod bones in the Ochungchelo, ex- 
posed only 20 miles south of Djadokhta. It is significant that the 
Jurassic aspect, which characterizes the biotas of all the early Cretaceous 
formations, is wholly lacking in the Djadokhta fauna. 

The theropods, Velociraptor, Saurornithoides, and Oviraptor, are 
highly specialized forms, but they offer no other reason for assigning 
them to the Upper Cretaceous period. Osborn,** in prefacing the de- 
scription of these dinosaurs, writes: “All three types are approximately 
the same geologic age, namely, the life zone which we now regard as 
near the beginning of Upper Cretaceous time.” As will be shown later, 
Gilmore recognized comparable forms in the fauna of Iren Dabasu. On 
the other hand, Mook,** in his description of the small crocodilian Shamo- 
suchus, refers the horizon to “Lower Cretaceous or possible Coman- 
chean.” Mook does not discuss either the taxonomic relations of Shamo- 
suchus or its significance in relation to a geological time-scale. 

The abundance and great diversity of placental mammals in the 
Lower Eocene had long ago convinced students of evolution that the 
placentals must have evolved, diversified, and dispersed during pre- 
Eocene time. Osborn had predicted that northern Asia was the dis- 
persal center for the mammals of Europe and the Rocky Mountain re- 
gion. Gregory and Simpson ® have studied in detail the anatomy and 
significance of the extraordinary little mammal skulls that the Expedi- 
tion discovered at Djadokhta—the first Mesozoic mammals to be found 
in Asia. They include a multituberculate and five species of insectivores, 
which are primitive members of a stock that may well be ancestral to 
the insectivores, creodonts, and carnivores of the Eocene. Gregory and 
Simpson offer the following conclusions: 


“1) The Paleocene and Eocene insectivores and oxyclaenid creodonts, taken col- 
lectively, represent survivors of an earlier insectivore-creodont stock, examples of 
which have now been discovered in Mongolia. 

“2) The discovery of these earliest of definite placentals in Mongolia furnishes 
some support to the hypothesis that Central Asia was the homeland of the placental 
radiation. 

“3) The Mongolian Cretaceous mammals stand between the Jurassic pantotherians 
and the Paleocene placentals, both in time and in dental structure, but are some- 
what nearer to the latter.” 


8? H. F. Osborn: Three new Theropoda, Protoceratops zone, central Mongolia, Am. Mus. Novi- 
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In a later paper, Simpson * is even more positive: 


“The structure of the deltatheridiids agrees with their position in time between 
the pre-placental, pre-marsupial pantotheres and the close but distinct array of 
placental orders in the early Tertiary and with their position in space near the cen- 
ter of the land masses later dominated by placentals in suggesting that they, of all 
a ie known mammals, stand closest to the common point of divergence of many or all 
g : placental mammals. In the skull and dentition they come very near to showing all 
= the features which the most competent students of Paleocene and early Tertiary 
mammals have believed would characterize such a central group when found. 

“1. The Zalambdalestidae and Deltatheridiidae are not widely different but are 
related to diverging groups. 

“2. The Zalambdalestidae are the most specialized and, contrary to the opinion 
o first expressed, are more distant from the zalambdodonts than are the members of 
the other family. 

“3. The closest affinities of the Zalambdalestidae are with the erinacemorphs, of 
which group they represent a very early and nonancestral branch. 

“4, The Deltatheridiidae are on a very primitive plane and show but little spe- 
cialization from a condition structurally ancestral to the majority of placental mam- 
mals, 

“5. Such specialization as they do show is tending in the creodont direction and 
they strongly suggest the hitherto hypothetical group of Cretaceous insectivores in- 
ferred, especially by Matthew, to be the immediate ancestors of the Carnivora. 

“6. The evidence further suggests that the zalambdodont insectivores had their 
origin very near this group, although probably not in the family Deltatheridiidae. 

“7, Both Zalambdalestidae and Deltatheridiidae, although on a very low evolu- 
tionary level, are definitely placentals and Insectivora and a break still remains be- 
tween them and the Jurassic pantotheres, a break which is not profound and which 
is not actually bridged by any known mammals.” : 


Simpson also refers to the “very strategic position in time and space” 
‘that those mammals occupy: 


“In time they occur in the Cretaceous, when, according to theories formed before 
their discovery and based largely upon early Tertiary mammals, the differentiation 
of the placental orders should be in progress and not yet far advanced. In space 
they occur in Central Asia in or near the region which a number of students, espe- 
cially Osborn and Matthew, have considered as an important center of radiation and 
probably the very one whence came the groups of mammals which appear to have 
entered North America and Europe suddenly at the beginning of the Tertiary and 
which must have been undergoing an important deployment during Upper Creta- 
ceous time.” 


The study of these primitive mammals by Gregory and Simpson 
supports the same inferences deduced from the study of Protoceratops. 
If they, indeed, represent the actual ancestors of many Eocene placentals, 
rather than merely a surviving primitive stock, an immense length of 
time must be granted for the evolution of diverse orders of mammals 


% G. G. Simpson: Affinities of the Mongolian Cret: I tivores, Am. Mus. Novitates, no. 330 
(1928) p. 9. 
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and for their wide dispersal throughout the northern hemisphere, between 
Djadokhta time and the Lower Eocene. The current estimate for the 
duration of Upper Cretaceous time is about thirty million years, or about 
half the entire estimated duration of the Cenozoic era. The greater part 
of this time, if not more, is surely required for the extraordinary differ- 
entiation and dispersal represented by even the creodonts and insectivores 
of Lower Eocene time; and, if all Eocene placentals are to be derived 
from the deltatheridiids, it would not be too much to require much of 
the Lower Cretaceous time as well. Simpson admits an Upper Cretaceous 
age for the Djadokhta mammals, because of their obvious affinities with 
Eocene forms. The entire fauna, reptile and mammal, has an Upper 
Cretaceous aspect; the reptiles show their closest affinities with late 
Upper Cretaceous forms; yet many of them retain primitive characters 
and all except one deinodont are of small size. If the Djadokhta is to 
be in the Upper Cretaceous at all, it should be as Osborn at first said, 
“near the beginning” of that period. 


Gashato—The Djadokhta is succeeded by the Gashato formation, 
which rests with a slight angular unconformity directly upon the typical 
fine massive red sandstones of the Djadokhta. A few bones of Protocera- 
tops were found within 10 feet of the contact between the two forma- 
tions. An abrupt change in physical character sets in at the contact. 
The Gashato is unconsolidated, save for a few thin sandstone members, 
whereas the Djadokhta is cemented. The Gashato consists chiefly of 
sandy clays, with variable sands and gravels, the latter composed largely 
of rock-pebbles, whereas the Djadokhta consists almost wholly of finely 
assorted, pure silica sands. The Gashato is varicolored—deep red, brown, 
and gray—whereas the Djadokhta is a nearly uniform orange-red. The 
differences between them imply a considerable change in the materials 
available for sedimentation and in the chief agencies of deposition. The 
Djadokhta consists largely of wind-blown materials derived from earlier 
basin-sediments; the Gashato is derived from the residuary soils of a 
mountainous area, and was transported and deposited chiefly by water. 

Although mammals are found in both formations, no genus, not even 
a family, is common to both. In their earlier descriptions of the Gashato 
fauna, Matthew and Granger ™ wrote: 

“The fauna is later than Lower Cretaceous and . . . older than Upper Eocene .. . 
The presence of a multituberculate suggests Paleocene or late Cretaceous age; the 
ancestral relationship of Palaeostylops to the Wasatch genus Arctostylops is indica- 
tive of Paleocene, Torrejon or possibly older age.” 


% W. D. Matthew and Walter Granger: Fauna and correlation of the Gashato formation of Mon- 
golia, Am. Mus. Novitates, no. 189 (1925) p. 1-2. 
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Throughout the report, they repeatedly comment on the aberrant char- 
acter of the bicta, showing that each genus has specialized on a primi- 
tive plane of evolution. 

In a later paper, Matthew and Granger ** emphasized this interpreta- 
tion saying: 

“Most of the mammals of the Gashato appear to represent phyla previously un- 
known. From the standpoint of European and American early Tertiary mammals 
they are aberrant, and, despite their early age and primitive stamp, they are for 
the most part too specialized to cast much light either on phylogeny or on correla- 


tion. 
“Including multituberculates, creodonts and ungulates of archaic character, the 
fauna is, however, definitely of Paleocene type.” 


After again considering the relation of the notoungulate, Palaeosty- 
lops, to the Wasatch genus Arctostylops, and that of the primitive uinta- 
there Prodinoceras to a less advanced, undescribed genus in the Clark 
Fork, the authors place the Gashato in the Upper Paleocene, correlated 
with the Clark Fork, Tiffany, and Upper Fort Union of America, and 
the Cernaysian of Europe. 

This correlation provides the necessary time-interval between the 
Gashato and the underlying Djadokhta, which the sharp faunal and 
physical break between the two formations implies. Granting that 
Paleocene time was long enough to provide for part of the evolution, 
differentiation, and wide distribution of an aberrant mammalian fauna, 
the assignment of the Gashato to the top of the Paleocene allows for a 
possible late Cretaceous age for the Djadokhta, itself. The Gashato 
fauna, therefore, does not help much in indicating the date of the 
Djadokhta. It proves—what the structural relations in the field had 
already demonstrated—that there is an impressively large time-gap be- 
tween t. wo formations, and leaves the whole of Upper Cretaceous 
time open ior the assignment of the Djadokhta. 

Thus, there are two paths leading to the evaluation of such an iso- 
lated biota as that of Djadokhta—the one by inferring contemporaneity 
with the most nearly related American and European life zones; the 
other by making allowance in the time-scale for evolutional relation- 
ships indicated by a study of comparative anatomy. Both methods have 
been tried by able investigators. Simple correlation would place the 
Djadokhta in the Edmonton, because Protoceratops resembles Leptocera- 
tops. The evolutional argument requires time for the development and 
dispersion of the dinosaurs and mammals that could have descended from 
the Djadokhta biota, and would require an early Upper Cretaceous 
date—say, Cenomanian—for this life zone. Perhaps it is more conserva- 


%W. D. Matthew, Walter Granger, and G. G. Simpson: Additions to the fauna of the Gashato 
formation of Mongolia, Am. Mus. Novitates, no. 376 (1929) p. 2. 
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tive, and it is quite possibly correct, to choose the former method, and 
to place the Djadokhta in the top of the Cretaceous column. A neces- 
sary corollary of this conclusion is that such creatures as Protoceratops 
and Leptoceratops could migrate so freely between Central Asia and 
North America that the similarity of the two forms implies no appre- 
ciable difference in time between the Edmonton and the Djadokhta. 
This assignment also excludes the evolutional arguments, and requires 
as a second correlary—that Protoceratops be not regarded as ancestral 
to any of the American ceratopsians, but only as an emigrant member 
that wandered to Central Asia. A third inevitable correlary is that the 
Djadokhta mammals are in no sense ancestral to the Eocene mammalian 
fauna, beyond the reasonable inference that some Eocene insectivores 
may stem from Djadokhta insectivores. 

The evolutional argument seems more cogent, because a vast conti- 
nent, isolated by physical and climatic barriers during most—though 
not all—of its Jurassic history, would naturally develop a considerable 
indigenous fauna and flora. Only after local geology has been thor- 
oughly worked out, and all formations correlated within the continent, 
should one think seriously of comparing dates with those of the same 
system on other continents. 

This warning may be emphasized by the fact that a series of coinci- 
dences led to the discoveries of the Djadokhta and Gashato formations. 
Had these tenuous accidents not occurred, it is very possible that the 
dinosaur eggs and the Palaeostylops fauna would still be in the desert 
of Gobi; and all of the reasoning that links the fauna and formations 
of the two continents would have been spared. Is it too much to argue 
that other fossil-rich deposits may lie undiscovered, whose fauna will 
cause other serious changes in the interpretation of Central Asia? 

Nevertheless, Plate 1 indicates the conservative position for the Dja- 
dokhta for the sake of those who prefer the systematic interpretation; 
and an alternate position lower in the column, which seems more logical. 


Iren Dabasu.—When the dinosaur beds of Iren Dabasu were first dis- 
covered, Granger and Berkey * tentatively assigned them to the Lower 
Cretaceous, because of the primitive aspect of the first specimens, and 
because the strata rest directly upon the upturned edges of Paleozoic or 
older rocks. Berkey and Morris,** concurring in the opinion expressed 
personally by Matthew and Granger, assigned the formation tentatively 
to the Lower Cretaceous. But Grabau ® placed the Iren Dabasu in the 


88 Walter Granger and C. P. Berkey: Discovery of Cretaceous and older Tertiary strata in Mon- 
golia, Am. Mus. Novitates, no. 42 (1922) p. 2-4. 

%C, P. Berkey and F. K. Morris: Geology of Mongolia (1927) p. 355. 

% A, W. Grabau: op. cit., p. 693. 
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Upper Cretaceous, and considered it to be later than the Djadokhta. Os- 
born * correlates the Iren Dabasu with the Judith River and Belly 
River formations, because the small, sharp-toothed dinosaurs “may be 
related to Dromaeosaurus,” and because of Struthiomimus (Ornithomi- 
mus), an American genus of that horizon. Kryshtofovich * suggested the 
equivalence of the Iren Dabasu to the dinosaur-beds on the Amur River 
opposite Kasatkina, adding “while in Mongolia the [Iren Dabasu] for- 
mation is a typical desert deposit, that on the Amur contains the fossils 
of a luxurient forest-flora.” 

The fauna of the Iren Dabasu has been studied by Gilmore,** who 
says: 

“In its main features the . . . assemblage differs from the Upper Cretaceous faunas 
of America only in the absence of the Ceratopsidae. ... The stage of development 
as represented in the ornithomimids points to a closer relationship with the Belly 
River forms than with those of the geologically younger Edmonton. Further evi- 
dence corroborative of this conclusion is furnished by Protoceratops from the over- 
lying Djadokhta formation, from the fact that a restudy of this form will undoubt- 
edly show it to have its closest affinities, if it does not prove to be congeneric, with 
Leptoceratops from the Edmonton.” 


The Iren Dabasu is succeeded by the Eocene Arshanto beds; the Dja- 
dokhta formation lies in a separate structural basin, 400 miles to the 
west. Their age and correlation cannot be determined directly by the 
simple test of succession, but must be inferred from a detailed compari- 
son of their faunas. 

Gilmore * shows that Ornithomimus asiaticus is closely related to O. 
altus of the Belly River formation in America: 


“Critical comparison of these specimens bone by bone with the American Ornitho- 
mimus (Struthiomimus), shows the closest resemblances—in fact, such differences 
as are found are of minor importance, and were one dealing with American mate- 
rials alone, would not be regarded as more than variations well within a single 


species.” 


He finds a resemblance between the deinodont Alectrosaurus and the 
Belly River genus Gorgosaurus. Among the predentates, he recognizes 
the presence not only of “trachodonts”, but of Bactrosaurus, a new genus 
belonging to the sub-family Lambeosaurinae, which, in America, are of 
middle and late Upper Cretaceous age. 


% H. F. Osborn: Ancient vertebrate life of Central Asia, in Livre Jubilaire, Soc. Géol. France, Cen- 
tenaire (1930) p. 532-534. 

7 A. M. Kryshtofovich: Geological summary of the region of the Far East, Cent. Inst. Sci. Research 
Geol. Reconnaissance, Leningrad (1932) p. 177. 

98 C. W. Gilmore: On the dinosaurian fauna of the Iren Dabasu formation, Am. Mus. Nat. Hist., 
Bull., vol. 67, art. 2 (1933) p. 25. 

Op. cit., p. 26-33. 
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Comparing the biota of the Iren Dabasu with that of the Wangshih 
in Shantung, Gilmore *® finds a close relation between Bactrosaurus of 
the former and Tanius of the latter. Both formations contain theropod 
bones, but those from Shantung are too fragmentary for close compari- 
son. Nodosaurs are found in both formations, but this material, also, is 
fragmentary. The Iren Dabasu is tentatively placed in the same por- 
tion of the column as the Wangshih, it being recognized that they are 
comparable, but not strictly correlated (Pl. 1). 

Gilmore 7 assigned the hadrosaurian of Iren Dabasu tentatively to 
Riabinin’s genus Mandschurosaurus, saying: 

“While in most particulars they seem to be generically similar, there are a few 
inconsistencies; yet on the other hand I fail to find characters that would distinguish 
them generically.” 


Gilmore?” suggests that the formations that yielded these dinosaurs 
may be “of close if not equivalent geological age.” 

The Iren Dabasu biota may be compared with that of Djadokhta. 
Both formations contain members of the family Ornithomimidae. Os- 
born ?°* comments upon the highly specialized skull of Oviraptor, and 
considers it generically distinct from Ornithomimus, but Gilmore draws 
no comparison between the two genera. He ** adds: 


“The presence of small, delicately constructed carnivorous dinosaurs in the Iren 
Dabasu fauna is clearly indicated by a few foot bones.... That we have among 
these scattered bones parts of animals related to Velicoraptor or Saurornithoides of 
the. ... Djadokhta formation seems highly probable, but their relationships can- 
not be determined from the fragmentary material now available.” 


Both formations contain deinodonts, but those of Djadokhta are, unfor- 
tunately, represented only by “a fragmentary portion of the right ilium,” 
which “indicates an animal the size of Gorgosaurus of the American 
Upper Cretaceous.” 

Both formations contain armored dinosaurs of the family Nodosau- 
ridae, but, as Djadokhta has yielded a skull and Iren Dabasu an ilium, 
an accurate comparison is impossible. 

The great difference between the two biotas consists in the abundant 
ceratopsians of the one, and the abundant hadrosaurs and lambeosaurs 
of the other—which may correspond to a difference of habitat as well 
as to a difference in time. The sediments of Iren Dabasu are un- 


100 Op. cit., p. 51-52. 

101 Op, cit., p. 41. 

102 Op. cit., p. 25. 

108 H, F. Osborn: Three new Theropoda, Protoceratops zone, central Mongolia, Am. Mus. Novitates, 
o. 144 (1924) p. 9. 

14 C, W. Gilmore: op. cit., p. 39. 

1065 C, W. Gilmore: Two new dinosaurian reptiles from Mongolia, with notes on some fragmentary 
specimens, Am. Mus. Novitates, no. 679 (1933) p. 16. 
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doubtedly lake-deposits; those of Djadokhta are chiefly wind-blown 
loessic and dune sands. A moisture-loving lowland fauna should be ex- 
pected in the one, an upland fauna in the other; and this is exactly what 
is found. In addition, the Iren Dabasu contains remains of crocodilians, 
chelonians, fishes, and pelecypods. Djadokhta yielded one small croco- 
dilian, one worn fragment of a chelonian, and no fishes; but contains 
mammals and some bird-bones. Conceivably, the difference between 
the biotas may be chiefly that of habitat. Despite the presence of mam- 
mals—even of placentals—in the Djadokhta, there is no convincing evi- 
dence to prove that it is younger than the Iren Dabasu. The general 
aspect of the faunas is the only means, and a very tenuous one, of cor- 
relating these biotas. 

During the field season of 1922, some bivalve shells were collected 
in the Cretaceous dinosaur beds at Iren Dabasu. The shells were so 
close together as to form an almost continuous pavement, but only small 
patches were exposed. There are at least two shell beds, separated verti- 
cally by about 3 feet of sandy matrix. The shells were found in a 
coarse, variable sandstone consisting of quartz pebbles, several kinds 
of rock-grains, and lumps of marl. The sandstone is of a type com- 
monly found in inland desert deposits. The variation in color, texture, 
and composition of the Iren Dabasu formation, the rapid changes in 
direction of cross-bedding, and many other details of structure are per- 
fectly in accord with the interpretation of these beds as representing 
an inland deposit in shallow, variable lakes, lying in an enclosed basin. 
Clays are abundant in the formation, but shales are wholly absent. 

The specimens were examined first by T. W. Stanton, and later by 
J. B. Reeside, Jr., who gave them to F. Stearns MacNeil for detailed 
study. With their permission, the notes that Mr. MacNeil prepared are 
quoted: 

Pseudohyria MacNeil, n. gen. 


“Shell sub-quadrate, rounded anteriorly, somewhat angulate posteriorly, broadly 
arcuate ventrally. Beaks about central, beak sculpture unknown. Umbos prominent 
and posteriorly truncate. Valves sculptured with well defined but slightly elevated 
radial ribs, slightly larger posteriorly and deeply crenulating the margin. Shell 
thicker anteriorly than posteriorly. Pseudocardinals moderately heavy and elon- 
gate, double in the right valve and single in the left valve, terminated anteriorly 
by the impressed anterior adductor muscle scar. Laterals not well preserved but ap- 
parently short and curved. Ligament short. 

“Type species: Pseudohyria gobiensis MacNeil n. sp., described below. 

“Aside from the radial ribs, the outstanding feature of this genus is its elongate 
anterior end. The beaks are about central, but the highest point on the shell is along 
the posterior ridge well into the posterior region. This feature, together with the 
nearly straight ventral margin and at the same time without the trigonal shape of 
Castalia or Callonaia, gives Pseudohyria a form unique among naiads. 
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Figure 1. RiGHT VALVE OF TYPE SPECIMEN 
Showing sculpture. 


Figure 2. CoryPe 
A broken specimen, showing 
a cross-section of both valves. 


Ficure 3. ENLARGED VIEW OF SCULPTURE 
AT THE VENTRAL EDGE OF THE SHELL 
Showing the low ribs, separated by broad 
interspaces, and marked by strong, 
irregular growth-ridges. Black area is a hole 
in the specimen. 


Pseudohyria gobiensis MacNeil n. gen. 
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“Unfortunately the umbos of the specimens obtained are eroded at the beaks, 
leaving no trace of beak sculpture and obscuring the origin of the ribs, so that it 
is not possible to say definitely to which sub-family of the Unionidae this shell 
belongs. The combination of radial sculpture with elongate pseudocardinals and a 
truncate posterior end, however, is in favor of placing this genus in the Hyriinae. 


Pseudohyria gobiensis MacNeil, n. sp. 


“Shell sub-quadrate and moderately inflated, the posterior margin bluntly angulate, 
the anterior margin rounded, the ventral margin slightly arcuate; hinge-line longer 
and straighter anteriorly; beak sculpture unknown; valves sculptured with about 
18 slightly rounded radial ribs which are wider and more elevated posteriorly; inter- 
spaces wider than ribs anteriorly; margins deeply crenulated by ribs. 

“Cotypes, a fragmental right and a fragmental left valve, the posterior portion of 
another specimen with both valves together, and three small fragments of other 
valves, 


“Type locality, Iren Dabasu formation at Iren Dabasu, Inner Mongolia” [PI. 2]. 

The inference that the bivalves inhabited the inland lakes of a semi- 
arid region is supported by the fact that only one species was found, 
though it was abundant; and is further strengthened by the chances 
against the entry of many species into enclosed semi-arid basins; and 
by the chances against many species surviving the variations in salt 
content of inland desert lakes. 


Sairim.—In 1923, Pseudohyria shells were found in the Sairim forma- 
tion, which uncomformably overlies the tilted and faulted Oshih, and is 
more than 400 miles west of Iren Dabasu. Whatever value for correla- 
tion these bivalves may possess, tends to indicate the equivalence of the 
Iren Dabasu to the Sairim. Here, the shells are in a thin, marly layer, 
enclosed in horizontally bedded, fine, red sandstones and red sandy 
clays. The sandstones strikingly resemble those of Djadokhta and were 
at. first considered to be a westward-extension of the Djadokhta basin, 
40 miles to the east—an inference that may yet prove to be correct, for 
the stratigraphic and structural relations of the Djadokhta and the 
Sairim formations are similar. The few dinosaur bones collected by 
the geologist were judged by him to be hadrosaurian, but they have 
not been studied. On these slender evidences the Sairim formation is 
tentatively placed in the same position as the Iren Dabasu—a conclu- 
sion that is in accord with the inference that the Oshih-Ondai Sair group 
is of notably earlier age than the Iren Dabasu. 


Tairum Nor.—The exposures of the Tairum Nor formation lie about 
70 miles east by south from Iren Dabasu, and, like the latter, rest upon 
the eroded edges of the old graywacke-slate series. Spock?®* reports the 


106 ,, E. Spock: New Mesozoic and Cenozoic formations encountered by the Central Asiatic Expedi- 
tions in 1923, Am. Mus. Novitates, no. 407 (1930) p. 3-4. 


i 
| 


1516 F. K. MORRIS—CENTRAL ASIA IN CRETACEOUS TIME 


presence of a “small carnivorous dinosaur,” and Gilmore? recognized 
Ornithomimidae closely resembling Ornithomimus asiaticus ; but the speci- 
mens could not be confidently distinguished from Oviraptor. It seems 
safe to correlate the Tairum Nor with its neighbor, the Iren Dabasu, of 
which, indeed, it may be the eastward extension. 


Baiying Bologai.—At Baiying Bologai, about 27 miles east of Jasu 
Jergulung, there is a basin of thick-bedded, red sandy clays, and red 
and gray sandstones that contain quartz, feldspar, mica, rock-fragments, 
and clay. The base of the Baiying Bologai formation rests unconform- 
ably upon the beveled edges of tilted sandstones and conglomerates. 
Rounded pebbles of Permian limestone were found in the underlying 
conglomerates; hence, they are post-Paleozoic. These strata were de- 
formed and eroded before the deposition of the Baiying Bologai. Tenta- 
tively, the conglomerate-sandstone series has been assigned to the Juras- 
sic. The Baiying Bologai formation is beveled by the Gobi erosion plane, 
and, hence, its upper limit is unknown. Its thickness is at least 150 feet, 
and may be considerably more. 

A few reptile bones were found in the sandstones. Gilmore? has 
identified them as belonging to a large hadrosaurian, which should jus- 
tify a tentative assignment of the formation to approximately the same 
horizon as the Iren Dabasu. Gilmore also recognized the exoccipital of 
a large predentate, “provisionally referred to the genus Pentaceratops.” 
This is the first record of a giant ceratopsian in Asia; and represents a 
more advanced stage of evolution than that of Protoceratops in the 
Djadokhta formation. If confirmed, the discovery will prove the in- 
vasion of Central Asia by American ceratopsians; but, in a recent letter, 
Gilmore says that, though the bone unmistakably belongs to a preden- 
tate, he is not confident that it is a ceratopsian. 

Dohoin Usu—“In 1925 Granger discovered a large basin of Cretaceous beds near 
the well Dohoin Usu, at approximately Lat. 44° 14’ N., Long. 104° 19’ E., or 40 miles 
northeast of the eastern end of the Gurbun Saikhan range. He estimates that at 
least 300 feet of beds are exposed. The base of the formation was not seen, and 
the upper limit is the Gobi erosion plane, so that the original thickness must be 
greater than the present exposures. The sediments are chiefly brick red, sandy clays, 
exposed in badland bluffs along two promintories that front one another across a 
narrow intervening lowland. The only fossils were found in a flat lens of bluish 
gray, sandy clay, 10 to 50 feet thick, in the red clay of the northern promontory.” ” 


Granger collected gastropod shells that Ping**® has determined as 
Vivipara grangeri and V. fusistoma; turtle bones, identified by Gilmore 


107 ©, W. Gilmore: op. cit., p. 17. 

108 Op. cit., p. 18-19. 

10 C, P. Berkey, Walter Granger, and F. K. Morris: Additional new formations in the later sedi- 
ments of Mongolia, Am. Mus. Novitates, no. 385 (1929) p. 6. 

10 Chi Ping: Two new Cretaceous fresh-water gastropods from Mongolia, Am. Mus. Novitates, 
no. 437 (1930). 


CORRELATION OF RECORDED FORMATIONS OF CRETACEOUS AGE 1517 


as Adocus; the fragment of a crocodile jaw, and dinosaur bones that Gil- 
more recognized as hadrosaurian. This biota tends to confirm the orig- 
inal correlation of the Dohoin Usu with the Iren Dabasu. 


Other Asiatic formations—The Bielye Kruchi formation—a part of 
the Tsagayan series, which is of great extent in the Bureya basin—is of 
extraordinary interest, for it contains an advanced dinosaur fauna. It 
crops out along the southern bank of the Amur River, about 60 kilo- 
meters below Blagovieschensk, at Sagibova. Kryshtofovich*™ believes 
that the Bielye Kruchi is continuous with the plant-beds of Mt. Bogu- 
chan, on the northern side of the great river. The beds dip toward the 
west and northwest, and consist chiefly of yellow and greenish sand- 
stones, sands, conglomerates, and some clays. The thickness, meas- 
ured in a section, 1680 feet long, between the Kedrovaya and the Shero- 
kaya rivers, is about 400 feet. The gentle tilting should imply an angular 
unconformity with the Lower Cretaceous plant-beds of the Bureya basin, 
for the latter are somewhat folded, and dips ranging from 14° to 30° 
are reported from them. An actual contact between the Upper and the 
Lower Cretaceous beds has not been observed. 

According to Riabinin,"? the fauna includes Mandschurosaurus 
(Trachodon) amurensis, a “duckbilled” dinosaur, 4.5 meters high and 
nearly 8 meters in length. He collected Estheria amurensis, E. Posidono- 
myoides, and plates of trionychids, together with a deinodont tooth, 
which he identified as Albertosaurus, and a hadrosaur ischium assigned 
tc Saurolophus. Gilmore ™* considers that the specimens were too frag- 
mentary to sustain these identifications, and, therefore, that Riabinin’s 
correlation of the Bielye Kruchi with the Edmonton fails. On the other 
hand, these specimens undoubtedly represent groups that are present 
in the Iren Dabasu; although they cannot be used for correlation, they 
indicate a similarity of biota in the two formations. Because of the 
generic identity of Mandschurosaurus in both formations, Gilmore cor- 
relates the Bielye Kruchi with the Iren Dabasu. 

Mt. Boguchan is an isolated hill near the village Pashkovo, at the 
apex of a sharp bend of the Amur. The rocks are sandstones, shales, 
tuff-conglomerates, and liparite tuff associated with liparite flows. Kry- 
shtofovich *** has identified the flora from Mt. Boguchan and other 


1A, N. Kryshtofovich: Geological summary of the Far East, Inst. Sci. Research in geol. Recon- 
naissance, Leningrad (1932) p. 194. 

12 A, N. Riabinin: A mounted skeleton of the gigantic reptile Trachodon amurense, n. sp., Com. 
Géol., St. Petersburg, Bull., vol. 44, no. 1 (1915) p. 1-12, pl. 1 (in Russian); On the age and fauna of 
the dinosaur beds on the Amur River, Russ. Mineral. Soc., Mem., vol. 59 (1930) p. 41-51, pl. 1 (in 
Russian); Mandschurosaurus amurensis, n. gen. n. sp., a hadrosaurian dinosaur from the Upper Cre- 
taceous of the Amur River, Soc. Pal. Russie, Mem. 2 (1930) (in Russian). 

113.0, W. Gilmore: On the dinosaurian fauna of the Iren Dabasu formation, Am. Mus. Nat. Hist., 
Bull, vol. 67, art. 2 (1933) p. 65. 

u4 A, N. Kryshtofovich: op. cit., p. 196. 
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sections of the Tsagayan series, including: “Sequoia langsdorfit, Libo- 
cedrus cf. Salicornioides, Ginkgo adiantoides, Asplenium dicksonianum, 
Platanus cf. affnis, Populus cuneata, P. arctica and other species, Cunning- 
hamites, sp., Nordenskjéldia borealis, Grewia, Ficus, Viburnum, Ptero- 
spermites, Nelumbo and many others.” Kryshtofovich finds a close re- 
semblance between this flora and that of “the Fort Union, Laramie and 
Denver of North America,” as well as with the floras of Anadyr, Novo- 
sibirsk, Tastakh, and other localities in northeastern Siberia, which are 
at present assigned to the Lower Eocene, but may be Cretaceous, like 
the Tsagayan. He emphasizes the early Tertiary aspect of the Upper 
Cretaceous plants in eastern Siberia and western North America. These 
considerations tend to raise, rather than lower, the position of the Iren 
Dabasu in the geologic column. 

The Tarbagatai coal-basin lies at the mouth of the river Tigni, in the 
Khilok (Chilok) Valley, a westward-flowing tributary of the Selenga. 
The beds strike northward and dip 20 degrees eastward. In the Tarba- 
gatai mine, Riabinin discovered a bone of Allosaurus sibiricus, which 
“determines the age as the lowest Cretaceous or uppermost Jurassic.” 15 
The Expedition found deinodont teeth or bone in the Oshih, the Iren 
Dabasu, and the Djadokhta formations; but the “Allosaurus-type” was 
most abundant at Iren Dabasu. Lacking a detailed description of the 
Siberian dinosaur, correlation of the formation is impossible. In the 
table, Plate 1, the Tarbagatai is placed where Riabinin put it, doubt- 
fully in the lowest Cretaceous; and the discovery of Allosaurus is empha- 
sized by connecting it with the horizon of the Iren Dabasu formation. 
Obruchev says that the Kharlartinsk coal-basin on the river Tolbaga, 
a tributary from the south to the Khilok River, must be correlated with 
the Tarbagatai formation. 

In Shantung, the most important section of Upper Cretaceous age is 
the Wangshih formation, which is exposed near Laiyanghsien, and con- 
sists chiefly of red sands and sandstones, aggregating 2000 meters in 
thickness.14® The reptiles of the Wangshih have been discussed in con- 
nection with the Iren Dabasu formation. 

CONCLUSIONS 


The writer does not infer an exact equivalence among the formations 
that, in Plate 1, are placed in the same part of the Cretaceous column 
as the Iren Dabasu. When the land is warping so as to form basins 
in which sediments may be permanently retained, it is probable that the 
warping extends over large areas, and that many inland basins will be 
formed at about the same time. On the other hand, if climate and topo- 


15 V. A. Obruchev: op. cit., p. 478. 
116 A. W. Grabau: op. cit., p. 652-660. 
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graphic conditions favor the general erosion of the land, so that much 
sediment is removed to the sea by throughgoing rivers, it is unlikely that 
any sediment will be retained except, perhaps, around the seaward 
margins of the continents. In this case, there will be a widespread hiatus 
and disconformity in the inland basin deposits. Most of the basins 
whose fauna, flora, and structure have made correlation possible ac- 
cord with this rule, and, although isolated basin-deposits may form 
notable exceptions to the rule, it may be used as a working hypothesis 
where other means of correlation are lacking or obscure. 

Other Upper Cretaceous plant-beds of the Tsagayan series have been 
studied by Kryshtofovich, along the valley of the Amur, between the 
Zeya and the Bureya rivers. Here, a thick series consists of white and 
yellow arkosic, clayey sands, gray shales, coals, and streaks of con- 
glomerate. The bedding is locally irregular, and the sands are cross- 
bedded. On the slopes of Mt. Zagayan, along the lower Bureya, F. 
Schmidt 47 found light-colored clays and sandstones, 35 meters thick, 
bearing plants that Von Heer assigned to the Miocene. Later studies 
of the locality revealed a lower series of sediments, folded in a broadly 
open syncline, unconformably overlaid by horizontally bedded, uncon- 
solidated Tertiary beds, which Konstantov regarded as Pliocene. Krysh- 
tofovich has re-examined the plants collected from the lower series and 
considers them to be of Upper Cretaceous age, approximately the 
Orokhian stage or a little later; they may represent the American 
Laramie. 

The widely separated localities at which Upper Cretaceous deposits are 
known along the Amur and in the large structural basins of the tributary 
rivers, Zeya-Gilyui, Bureya, and Ussuri, as well as in the Uda-Maya 
basin, give evidence of widespread warping in this region during Upper 
Cretaceous time.'*® 

In southern Manchuria and Jehol, Endo *® describes the widely dis- 
tributed Peuchifu series of red tuffaceous sandstones, conglomerates, and 
dark-violet and light-brown shales, locally with thin lens-like beds of 
limestone. The series contains a flora including Salvinia, which Yabe and 
Endo regard as of Upper Cretaceous age, and as distinct from the Lower 
Cretaceous Chiufutang or Jehol series characterized by the Lycoptera 
fauna. 

At Yihsien (Ihsien) in southwestern Fengtien Provixce, Manchuria, a 
series of gray and yellow sandstones, conglomerates, yellow clay, and 
light gray greenish and dark shales was studied by H. C. Tan, who 
measured a total thickness of approximately 900 meters. He collected 


117 Quoted by Obruchev: op. cit., p. 371. 
118 V, A. Obruchev: op. cit., p. 348, 372, 487. 
119 Ruiyi Endo: Geology and ore deposits of Manchuria (1934). 
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Corbicula anderssoni and four species of the gastropod Campeloma. 
Grabau ?*° comments: 

“The nearest allies of these Fengtien shells are found in Laramie beds of North 
America . . . the possibility of an early Tertiary age is not excluded, since gastropods 
and pelycopods of the types here described have a wide vertical range. It is not 
likely, however, that the fauna is older than Upper Cretaceous.” 


The dip of the strata is as much as 20 degrees—indicating a disturb- 
ance rarely observed in the true Tertiary beds of this region. The base 
of the series was not seen; but, to the northwest of Yihsien, the Peipiao 
coal-field is approximately Wealden age. It is possible that the Pei- 
piao, or its equivalent, underlies the Yihsien formation. Above the 
Yihsien sediments, there is a series of lavas, tuffs, and tuff conglomerates, 
approximately 1000 meters thick, probably of Tertiary age. 

In northeastern Shansi, at Anchun and Tungsui, near Hunyuan, C. C. 
Wang *** examined “a compact argillutyte of dark purplish color, very 
massive, and with a conchoidal fracture.” Grabau correlates the forma- 
tion with that of Yihsien in Fengtien, about 330 miles to the northeast 
of Anchun. It is, therefore, approximately of Laramie age. The Anchun 
formation rests unconformably upon the Paleozoic series, which in this 
region was folded during the Yenshan disturbance at the close of Jurassic 
time. 


PALEOGEOGRAPHY 
SEA AND LAND 


In an earlier publication, Berkey and Morris ?** defined Central Asia, 
in terms of the present structure, as the great basin country between 
the Sayan-Khangai-Kentai ranges on the north, the Khingan on the 
east, the Nanshan-Kuenlun on the south, and the Russian Altai, Tien 
Shan, and Pamir on the west. Most of this vast region has interior 
drainage, though, on all sides, some of the marginal rivers escape to the 
sea—e.g., the Irtysh, the Kerulen-Argun, and the Hwangho. But Creta- 
ceous beds of inland-basin character are distributed as far north as the 
Vitim River, as far south as the Yangtze, and eastward to Shantung, 
Korea, and the Ussuri lowland. In the eastern portion of the continent, 
the boundaries of Central Asia in Cretaceous time must be enlarged to 
include these areas. Little is known of the westward extension of the 
Cretaceous inland basins, but the undetermined formations, in which 
many explorers have noted a resemblance to the known Cretaceous beds, 
extend at least as far as the Russian Altai. 


1220 A. W. Grabau: op. cit., p. 670. 
121 Quoted by Grabau: op. cit., p. 679. 
122.C, P. Berkey and F. K. Morris: Geology of Mongolia (1927) p. 21-36. 
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Grabau has reviewed the marine Cretaceous beds of Asia, and there 
is no need to repeat his summaries. Several of his conclusions are of 
importance to this discussion, and may be briefly stated: 

During the lowest Cretaceous—Barriasian for marine, and Wealden for 
non-marine, formations—the eastern seashore of the Central Asiatic land- 
mass lay in Japan and Sakhalin. The Upper Cretaceous consists chiefly 
of tuffogene sandstones, probably of Senonian age. The series has 
been correlated with Upper Cretaceous sediments along the Tauiisk Bay 
of the Okhotsk Sea, with the Inoceramus beds on the western slope of 
Kamchatka, and with the thick Upper Cretaceous, Orokhian or Jon- 
quiére series on the island Sakhalin. From these extensive overlaps of 
Upper Cretaceous marine sediments, Grabau?** deduces an extensive 
advance of the Senonian sea in the Anadyr-Nippon geosyncline, corres- 
ponding to the broad Senonian advance in other regions. A similar fill- 
ing of the Turgai trough along the western margin of Palasia is re- 
corded by a chain of Senonian sections, extending from the Tethys sea, 
along the eastern foot of the Urals, to Franz Josef Land.1** 

Outside of the marginal geosynclines, the continent of Palasia shows 
slight reaction to the Senonian transgression. Marine Senonian sediments 
are lacking along the northern margin of the continent, where the only 
Upper Cretaceous beds have been tentatively assigned to the Cenoman- 
jan.125 The few inland basins of uppermost Cretaceous continental 
sediments suggest a gentle warping and subsidence, which represents the 
inland response to the same tectonic movements that caused the geo- 
synclinal sinking along the margins of Palasia. 

Even within the geosynclines, the gaps in the record are striking. 
Grabau has interpreted the Anadyr basin, with its great thickness of 
Cretaceous shales and sandstones, as a part of the Nippon geosyncline, 
but his analysis of the faunas of Japan and the Anadyr indicates that 
the seas in the two regions did not communicate freely until Upper 
Cretaceous time. During the Lower Cretaceous period, the Anadyr bay 
was open to the Pacific and to the Boreal sea, but the latter connection 
came to an end shortly after the beginning of middle Cretaceous time. 
Apparently, the Anadyr series lacks deposits corresponding to all divi- 
sions from Hauterivian to Albian in the Lower Cretaceous; and there is 
a disconformity at the base of the Upper Cretaceous series. 

At the base of the Sakhalin Cretaceous,)** resting upon an oldrock floor, 
the Ainu series represents the Aptian and the Albian, leaving a long 


123 A. W. Grabau: op. cit., p. 640. 

124 Op. cit., p. 578. 

123'V. A. Obruchev: op. cit., p. 338. 

126 A. N. Kryshtofovich: On the Cretaceous flora of Russian Sakhalin, Geol. Comm. Petrograd (Oct. 
25, 1923) p. 462 (in Russian). 
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interval of the lowest Cretaceous unrepresented. Most of the beds are 
non-marine, but near the base is a marine layer with pelecypods and a 
small cephalopod.’** Probably, a break separates the Ainu from the 
Gyliakian plant-beds, except for a marine Inoceramus bed, from which 
Riabinin *** determined a plesiosaur bone as Elasmosaurus sachalinensis. 
The age is Lower Senonian, “comparable with the Cretaceous of Kan- 
sas.” 72° A hiatus separates each of these series from the succeeding one. 

Similarly, the rich Cretaceous series of Japan contains many strati- 
graphic breaks, as evidenced by abrupt changes in fauna and flora. Gra- 
bau ?*° has amply reviewed the record, and the field lies far from the 
region of Central Asia. Here, it is enough to note a few facts: The 
lowest Cretaceous, Barriasian, seems to be lacking; and the base of the 
marine section represents the Valanginian stage. A number of important 
gaps are recorded even where the record is most nearly complete; and 
the abrupt changes of fauna, flora, and sediment, the alternation of 
marine and non-marine deposits, suggest the presence of more hiati 
than are now appreciated. One of the Lower Cretaceous plant-beds has 
yielded an Estheria, probably of higher horizon than the Estheria of the 
Gobi region. An Ichthyosaurus has been found in the Upper Cretaceous 
Tutaba series on Honshu Island, probably at a higher horizon than that 
of the plesiosaur of Sakhalin. 

In the entire Nippon-Anadyr geosyncline, the sedimentation com- 
menced later than on the Arctic coast or in the inland basins of the 
continent, with the possible exception of the lowest Anadyr beds and 
their correlative, the Gorin River formation. 

Along the northern front of Central Asia, there were two shallow 
bays, in which clays and sands bearing near-shore, boreal marine faunas 
alternated with fresh-water deposits containing plant-beds. The eastern 
bay extended into the Bureya basin, and the western bay at least as far 
south as the Vilyui basin. Grabau infers that the marine beds in the 
Bureya basin represent a southward-extension of the Anadyr trough. 
They are not later than Valanginian, and are intercalated with coal- 
bearing shales, succeeded by continental deposits bearing plants and 
dinosaurs—implying that the marine beds were deposited at, or very near, 
the shore. Figure 4 shows Grabau’s map *** of the Lower Cretaceous 
sea, superimposed upon Obruchev’s map.’*? The Anadyr-Bureya bay is 


127 ],, Hayasaka: On a collection of the Cretaceous fauna from Russian Sakhalin, Rec. Geol. Com. 
Russ. Far East, no. 12, Vladivostok (1921) (in Russian). 

128 A. Riabinin: Notice of a Plesiosaur from the island of Sakhalin, Geol. Bull., St. Petersburg, no. 2 
(1915) (in Russian). 

122V. A. Obruchev: op. cit., p. 346. 

199 A, W. Grabau: op. cit., 499-505, 554-558, 624-636, 716-718. 

181 Op. cit., p. 456, fig. 591, pl. X. 

182 V. A. Obruchev: op. cit., pl. VIII. 
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designed with Grabau’s usual skill, and receives confirmation from the 
fact that in the Amur, Ussuri, and Bureya areas, the Jurassic and lowest 
Cretaceous strata are conformable. Obruchev ‘** even postulates the ex- 
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Ficure 4—Palasia in Lower Cretaceous time 
Maps of Obrochev and Grabau are compared. 


istence of transition beds between the two systems in the Bureya basin. 
According to Grabau, the mountain ranges that were raised by the 
Yenshan revolution, at the close of Jurassic time, intervened between the 
Bureya bay and the inland basins of Central Asia. 

The Verkhoyansk boreal sea advanced southward over the lower Lena 
and Aldan, where marine shallow-water deposits are found intercalated 
with plant-beds and coals. The upper portion of similar deposits in the 
Vilyui basin, formerly called Jurassic, is tentatively referred to the Lower 


183 Op. cit., p. 320. 
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Cretaceous. In the Aldan and Vilyui basins, the sediments and their 
fossils indicate near-shore conditions. 

The writer agrees with Reis,** in interpreting the Vitim formation as 
of inland origin—a shallow-basin deposit, like those that contain the 
Lycoptera biota in the Gobi region and in China. Although the biota 
suggests brackish water, an inference of contact with the sea is not im- 
plied. The known marine beds of the Aldan lie 840 miles from the Vitim 
formation; and, granting the Lower Cretaceous age of the upper beds 
of the Vilyui, there is a distance of 680 miles between the southern limit 
of the Vilyui basin and the Lycoptera shales of Vitim River. 

It is, therefore, surprising that S. A. Musylev *** has reported marine 
shells, including fragments of Inoceramus, together with Equisetum, 
from Troitskosavsk, almost 1000 miles south of the Vilyui; and P. S. 
Mikhno reported Inoceramus fragments from Sharasun, 620 miles west 
of the Bureya. Kryshtofovich says that stratigraphic details are lack- 
ing. From the Vitim and Turga localities, southward to the line through 
Troitskosavsk and Sharasun, the distance is approximately 300 miles. 
If the fossils have been correctly identified, future studies ought to reveal 
marine formations of Lower Cretaceous age in the great areas between 
Troitskosavsk and the Vilyui, and between Sharasun and the Bureya. 
At present, only inland-basin deposits, such as the Vitim and the Turga 
formations, are known in these intermediate areas. In any case, the sea 
could have made only a brief incursion—not in the earliest Lower Creta- 
ceous, but probably during the Valanginian transgression. 

On the western side of Palasia, the Turgai trough extended southward 
from the boreal sea and may have connected with the Tethys.’** Here, 
also, the fossils and the sediments suggest near-shore conditions. The 
sandstones and shales contain Ostrea, Exogyra, Astarte, Pecten, Anomia, 
reptile bones, wood-fragments, and even lignite. Obruchev is not cer- 
tain that this southward-extending water was ever directly connected 
with the Tethys trough; but Grabau infers a connection in Valanginian 
time at least, and possibly earlier. Considering the shallow water faunas, 
the prevalence of shales and sandstones, and the presence of plant-beds, 
it is probable that the northern seas were frequently filled up with sedi- 
ments or withdrew temporarily; in either case, permitting migration of 
land faunas between Europe and Asia while the sea was absent, and 


1%4Q, Reis: Die Binnenfauna der Fischschiefer in Transbaikalien, in Explorations géologiques et 
minéralogiques le long de la route du chemin de fer de Sibérie (1910) St. Petersburg. 
183 Quoted by Kryshtofovich: On the Cretaceous flora of Russian Sakhalin, Geol. Comm. Petrograd 
(Oct. 25, 1923) p. 191. 
136 VY, A. Obruchev: op. cit., p. 336. 
A. W. Grabau: op. cit., p. 456. 
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renewing the isolation of Central Asia when the sea returned. No marine 
Cretaceous beds are known east of the Turgai trough in Central Asia. 

From the Himalayan geosyncline, shallow seas extended northward 
over southern Tibet, as far as the Tarim basin; but the extensions lie 
far to the west of the Gobi basin, leaving broad land areas between the 
southern seas and Central Asia in Cretaceous time. 

Three facies of Lower Cretaceous deposits and biota may be recog- 
nized: 

(1) A marine facies characterized by Inoceramus, Aucella, and other 
near-shore mollusca. Corals are rare; limestones are almost wholly 
absent. The sediments are sandstones and shales. The marine beds 
alternate with the coal-bearing continental beds in many places. 

(2) A humid lowland and coastal facies, characterized by sandstones 
and shales with plant-beds and coals. Conifers predominate; ferns are 
less abundant, except in the far east, where the ferns increase. This 
facies resembles the Upper Jurassic deposits in its flora and in its sedi- 
ments. 

(3) An inland-basin facies, characterized by peculiar isolated faunas 
and restricted groups of plants. Coals are generally absent, but fine, 
fissile, dark shales are interbedded with sandstones, sandy clays, and con- 
glomerates. They represent outwash fans, deltas, and lake deposits, and 
the channel-fillings of withering rivers. The extreme variability of the 
deposits, coarse and fine materials succeeding one another with bewilder- 
ing abruptness, the many sudden changes of color, and, except for the 
dark paper-shales, the lack of carbon content, suggest a semi-arid, inland- 
basin country, in which lakes and their attendant streams maintained 
oases, where sauropods, fishes, mayflies, Estheria, Ginkgoales, and other 
water-loving forms lived. The fact that the fishes throughout an area 
of nearly a million square miles belong to a single genus, is in itself a sug- 
gestion of desert conditions, in which rainy seasons or cycles lengthened 
the rivers and temporarily connected the basins, permitting the migration 
of a few selected types, which could endure the increase of salt content 
during the dry seasons or cycles. Toward the north and east, the basin- 
land graded into the forested coal-lands, which merged into the low, flat 
coastal area. 

In Upper Cretaceous time, the sea advanced in the Nippon geosyncline, 
intercalating marine beds with those of lowland continental origin along 
Uda bay and the Okhotsk coast (Fig. 5). In the Anadyr trough, a thick 
series of largely continental tuffogene sandstones and shales contains 
intercalated marine beds. 

The sea retreated from almost the whole of the northern front of Asia; 
but extended through the Turgai trough in broad shallow floods, which 
probably were withdrawn and re-advanced several times, as disconformi- 
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ties are indicated in the record. Along the southern front, the Tethys 
trough continued to receive marine deposits, with interruptions repre- 
sented by disconformities, throughout Upper Cretaceous time. The isola- 


° 20 40 60 80 100 120 140 160 180 60 
arbagatai < 49 

__)RielyeKruchi, 

Ussuri-S¢: 
ZZ 


UPPER CRETACEOUS 
SENONIAN 
SEAS OF ASIA 

AW.Grabau 

60 80 100 120 EKM, 

500 500 1000 ISOOMILES 


Ficure 5.—Palasia in Senonian time 


According to Grabau. The Nippon-Anadyr geosyncline is also shown according to Kryshtofovich. 
Outside this area, the two authorities are in substantial agreement. 


tion of Central Asia was less complete than during the lower division, be- 
cause the plants show a marked admixture of Tertiary forms, and the 
meager fauna includes immigrants from other continents. 


OROGENIC MOVEMENTS 


All observers are agreed that considerable orogenic movement took 
place near, or after, the close of Jurassic time. 
Schénmann *** has attempted to demonstrate a Jurassic geosyncline 


131 G. Schénmann: Uber den Mongolisch-amurischen Faltungsgiirtel, Centralblatt f. Min. Geol. Pal., 
abt. B (1929) p. 338. 
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extending across Asia. Its northern boundary is traced just north of the 
divide between the Amur and the Lena drainage basins, around the 
southern end of Lake Baikal, and along the northern boundary of the 
Irkut coal basin. On the southern side, it extended indefinitely into 
China, interrupted by a horst that included the Ordos and the area east 
of it as far as Korea. The post-Jurassic folding was of alpine type, 
according to Schénmann, and overthrusts advanced outward from the 
geosyncline: northward, against the northern border; southward and 
eastward, against the Ordos-Shantung horst; and eastward, into Japan. 
Obruchev *** reviewed Schénmann’s paper and pointed out that, in west- 
ern Transbaikalia, the Jurassic sediments are fresh-water deposits in 
separated grabens between ancient horsts, and that they have been mod- 
erately folded, with local overthrusts, but without any approach to alpine 
structures. The writer’s observations in the Gobi and in China are in 
agreement with those of Obruchev. 

Wong *** has divided the Yenshan orogenic movement into “two phases, 
A and B, which may be broadly correlated with the Jurasside and 
Laramide revolutions respectively of western North America.” By the 
movement A, the Jurassic and earlier strata were warped or folded; 
subsequent erosion produced the unconformity at the base of the Cre- 
taceous formations that Berkey and Morris named the “Great Uncon- 
formity.” Between the two chief phases, Wong recognizes an interme- 
diate phase, characterized by eruptions of andesites, “locally in Upper 
Jurassic and widely in Lower Cretaceous,” followed by trachytes and 
rhyolites, and closing with intrusions of granite and diorite. 

The movement B includes intense folding and overthrusting in the 
orogenic zones, and gentler folding outside of them. Wong places this 
movement in the Upper Cretaceous, because Cretaceous strata are locally 
involved in the overthrusts, which are covered by almost undisturbed 
Tertiary strata. 

Ting ‘*° reviews Wong’s analysis of the Yenshan orogeny, virtually 
agreeing with him, but extending the Yenshan movement far into south- 
ern China. He summarizes observations in the Yangtze gorges, Cheki- 
ang, Hunan, Kwangtung, and Kwangsi, where Lower Cretaceous strata— 
and formations doubtfully assigned to that period—were folded before 
the deposition of red sandstones whose age is undetermined. Ting, Chao, 
and others hazard a suggestion that the red sandstone is of Eocene age; 
but Ting justly cites the minute subdivision of the “Gobi or Hanhai” 


18 VY, A. Obruchev: Zur Ezistenzfrage eines mongolisch-amurischen Faltungsgiirtels, Centralblatt 
f. Min. Geol. Pal., abt. B, no. 7 (1930) p. 283-288. 
1899 W. H. Wong: The Mesozoic orogenic movement in eastern China, Geol. Soc. China, Bull., vol. 8, 
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series as a warning against assuming the age of continental sediments, 
without positive evidence of fossils. 

Hsieh *** analyzes the Yenshan orogenesis into five “phases” —beginning 
with a disturbance at the close of the Triassic; a second, at the end of 
the Lower Jurassic, corresponding with phase A of Wong’s analysis; 
a third, during the Lower Cretaceous, corresponding with Wong’s inter- 
mediate phase, and following the deposition of the coal series of Peipiao, 
and the Mengyin and Laiyang formations of Shantung. He places the 
fourth phase at the end of Lower Cretaceous, after the outpouring of 
the upper volcanic series of rhyolites, dacites, and tuffs; it corresponds 
with phase B of Wong, but assigns a much earlier date for the orogeny. 
Phase five was at the close of the Upper Cretaceous, and is recorded in 
the tilting, or even local folding, that preceded the deposition of supposed 
Eocene beds. 

The scope of this paper does not permit a detailed review of all ob- 
servations on which these summaries of the orogeny are based; a few of 
the most typical must suffice. 

Teilhard ‘42 described thrusts and overturned folds along the border of 
the Ordos. Later, he described a southward overthrust in the Chaoyang 
(Tch’ao-yang) Range, along the southeastern border of Jehol,'** and 
interpreted it as analagous to the overthrust nappe, which he had re- 
corded along the border of the Ordos. He inferred that the thrusting 
was part of a long period of disturbances, which terminated with the 
extrusion of the late-Jurassic rhyolites. 

Wong *“* and several of his colleagues, after further studies in Jehol, 
infer a great orogenic movement in Middle or Upper Cretaceous time, 
basing their conclusions on the fact that the pre-Cambrian Sinian lime- 
stones are found overthrust upon the Jurassic, and even upon Lower 
Cretaceous, formations in Peipiao, Hsuan Hua, and the Western Hills; 
and the fact that “Eocene deposits have been observed unaffected by 
the orogenic movement.” Exposures that could serve as critical tests of 
this interpretation are, unfortunately, lacking. The known Eocene beds 
lie far from the thrusted regions, with the possible exception of the West- 
ern Hills, where doubtfully identified Eocene beds overlie tilted Lower 


41C, Y. Hsieh: On the late Mesozoic-early Tertiary orogenesis and vulkanism, and their relation 
to the formation of metallic deposits in China, Geol. Soc. China, Bull., vol. 15, no. 1 (1936) p. 63. 

142 P, Teilhard de Chardin: On the geology of the north and south borders of Ordos, Geol. Soc. 
China, Bull., vol. 3, no. 1 (1924) p. 38. 
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méridionale de l’Ordos, Soc. Géol. France, Bull., 4° sér, t. 24 (1924) p. 49-91, 462-464, 

143 P, Teilhard de Chardin: Etude géologique sur la région du Dalai-Noor, Soc. Géol. France, Mém., 
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Cretaceous beds, with a pronounced unconformity. Even this relation, 
if substantiated, would not prove the Cretaceous age of the observed 
overthrusts. In Shantung, where the divergence in dip between Lower 
and Upper Cretaceous deposits is even slighter than that found in the 
Gobi, the Eocene beds lie essentially parallel with the Upper Cretaceous. 
The Tertiary deposits are, also, parallel with the Cretaceous in Sakhalin, 
the Amur country, and the Gobi. Wong’s interpretation may be correct for 
a narrow zone of relatively intense disturbance along the border of the 
Gobi basin, extending from the Ordos to southern Manchuria; but, so far, 
no compelling reason has been adduced for regarding the thrusts as older 
than early Tertiary. 

Later, Teilhard **° agreed with Wong in recognizing a “first, Jurassic 
phase” of the Yenshan orogenic movements, followed by a period of 
quiescence throughout eastern Asia, during which the Lycoptera beds 
were deposited; and, then, a “second Yenshan phase”, at the beginning 
of Upper Cretaceous time, which folded the Lycoptera beds and caused 
the overthrusting that is observed in western Manchuria, Jehol, the 
Western Hills, and the Ordos. But no diagnostic proof of a Cretaceous 
date for the second Yenshan phase has been offered. Vigorous Tertiary 
orogeny, which folded parallel-lying Cretaceous and early Tertiary beds 
in Sakhalin and Japan, seems to be the more reasonable explanation of 
the folding and thrusting observed by Teilhard. 

Hsieh '*° describes a great overthrust in the Western Hills, in which 
the pre-Cambrian Sinian limestones override shales “probably of Permo- 
Triassic age.” The age of the thrusting, according to Hsieh, “remains 
still unsettled,” but he quotes H. C. Tan’s theory that the closely folded 
Lower Cretaceous Hsingchuang formation must be involved in the thrust- 
ing, and the “Upper Cretaceous” Tuoli conglomerate has been only 
slightly tilted. Hsieh, although hesitating to accept Tan’s explanation, 
concludes that a vigorous orogenic movement from the southeast took 
place after the deposition of the Hsingchuang. This is his phase three, 
or Wong’s “intermediate phase,” of the Yenshan revolution.’*? Hsieh 
infers that the deposition of the Tuoli, Lushangwen, and Hsiachuang 
formations, which he assigned to Upper Cretaceous, was followed by 
gentle folding—his phase four, or Wong’s phase B. Pan has shown that 
these three formations are probably of Lower Cretaceous age. Therefore, 
the disturbance of the lower three formations (by Hsieh’s phase three) 
must have occurred during that period. Hsieh’s phase three is described 


45 P, Teilhard de Chardin: The geology of the Weichang area, Geol. Surv. China, Bull., no. 19 
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as a vigorous folding; Wong’s corresponding “intermediate phase” is 
chiefly an outpouring of the “upper volcanic series,” and involves only 
gentle folding. Probably, as Hsieh himself suggests, the orogeny of the 
Western Hills is a special case, and involves local disturbances, which 
cannot be correlated with other areas. 

Chern and Hsiung ‘** date the thrusting in the Western Hills as later 
than the Tiaochishan and Kiulungshan formations, both of Upper Juras- 
sic age. The Tiaochishan volcanic complex has been placed in the 
Jurassic by Yih, Chern and Hsiung, and in the Lower Cretaceous by 
Hsieh and Wong. It underlies the shales in which Estheria was found, 
and the writer sees no convincing reason for assigning it to Cretaceous. 
The thrusting may be of any age between Upper Jurassic and early 
Tertiary, according to the available evidence. 

Along the northern margin of the Red Basin of Szechwan, Chao and 
Huang *** note that the Cretaceous Tsienfuyen formation begins with a 
basal conglomerate, “disconformably, and not infrequently unconform- 
ably upon the Jurassic or older formations,” and that locally the Jurassic 
Mienshan series is metamorphosed into schist, and the Cretaceous Tungho 
conglomerate is only tilted. They infer vigorous earth-movements in the 
Tsinlingshan during late Jurassic—approximately coeval with Wong’s 
Yenshan movement A. They note an angular unconformity between the 
Eocene (?) Huisian series and the Tungho, and infer a late-Cretaceous 
orogeny. 

In the Tapashan Range, the same authors assume the “Middle and 
Upper Cretaceous” age of the Kuangyuan formation, which is locally 
tilted, 30°-70°. The overlying Chengtsiangyen formation begins with a 
basal conglomerate, and is only gently tilted. Assuming its age as 
Eocene, Chao and Huang infer a second movement “in late Cretaceous 
or at the end of Mesozoic,” corresponding with Wong’s movement B. 
But, as the only evidence for the age of the Kuangyuan is its conformity 
with the Lower Cretaceous Tsienfuyen formation, and there is no evi- 
dence of the Eocene age of the Chengtsiangyen or of the Huisian in the 
Tsinlingshan, the date of the supposed orogeny must be considered un- 
proven for the present. The available facts would permit any age from 
mid-Cretaceous to early or Middle Tertiary. 

Lee **° states that in the southern Szechwan, Jurassic and Cretaceous 
beds are concordant, and that the folding is later than the Cretaceous 
red beds, and took place “at latest Mesozoic or early Tertiary time.” 


148M. K. Chern and Y. H. Hsiung: Notes on some thrusts in the Western Hills of Peiping, Geol. 
Soc. China, Bull., vol. 14, no. 4 (1935) p. 565. 

149 Y, T. Chao and T. K. Huang: The geology of the Tsinlingshan and Szechuan, Geol. Surv. China, 
Mem., ser. A, no. 9 (1931) p. 166, 198. 
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The Expedition’s studies in the Gobi and in northern China are in 
accord with the findings of colleagues in China, as regards the orogeny 
with which the Jurassic period closed; and concur in the inference of a 
moderate earth-movement, near the close of the Lower Cretaceous, ac- 
companied locally with volcanic outpourings. The tilting and faulting 
of the Oshih was achieved before the deposition of the level-lying Sairim 
beds; the Dubshih was tilted before the horizontal Djadokhta sands were 
laid down—implying that moderate and local disturbances accompanied 
the slight continental uplift that closed the Wealden sedimentation and 
ushered in the prolonged erosion that occupied the greater portion of 
Lower Cretaceous time in Central Asia. A similar history is suggested 
in the Bureya basin, where the steeply inclined Wealden beds are cov- 
ered by the gently warped Tsagayan series. These disturbances corre- 
spond to Wong’s “intermediate phase” of the Yenshan disturbance. 

The writer would place the folding and thrusting, which locally affect 
the Cretaceous beds, in the early Tertiary; for, even if the Eocene age 
of the unconformably overlying sediments were proved, the orogeny 
could be post-Cretaceous, occupying Paleocene time. 

VOLCANISM 


Volcanism was of widespread occurrence, but was everywhere mod- 
erate. Tuffs, tuffogene conglomerates and sandstones, lava flows, and 
intrusive dikes and sills are recorded in many localities; volcanic activity 
extended from within the Arctic Circle to the Red Basin of Szechwan, 
and from Japan to the Kirghiz Steppe. The aggregate discharge of 
igneous material was great, but was so distributed in time and in area 
that no one epoch or region was characterized by heavy volcanic out- 
pouring. Central and northern Asia had no counterpart for the thick 
flows of the Deccan in Cretaceous time. 

The activity was distributed throughout the Cretaceous period, but the 
most abundant records are found in the lowest portion of the column— 
in Barriasian, or Lower Wealden, time, and, even more abundantly, 
toward the close of the Lower Cretaceous. 

In many localities, a “lower porphyry series,” generally including 
rhyolites, trachytes, and tuffs, underlies the beds containing Estheria and 
other Wealden fossils. The lower porphyry series was originally re- 
garded as Jurassic; but, lately, several writers have included it in the 
Lower Cretaceous. An “upper porphyry series” has been observed over- 
lying the Wealden beds in the Western Hills, in Jehol, in the Nonni and 
Chalainor basins of Manchuria, in Shantung, Chekiang, and elsewhere. 
The upper porphyry series is, also, predominantly composed of rhyolites, 
trachytes, and fragmental rocks, and represents Wong’s “intermediate 
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phase” of the Yenshan revolution. Probably, it should be included 
within the Lower Cretaceous. 

Obruchev *** has assembled the evidences of voleanism in Siberia dur- 
ing the Cretaceous period. He notes the absence of tuffogene material 
along the Turgai trough, but mentions andesite and liparite flows in the 
Kirghiz Steppe. In western Transbaikalia, there are basalt flows, dikes, 
and sills in the Jurassic and Lower Cretaceous beds, including those of 
the Vitim River. Some of the intrusives are probably Tertiary. In 
eastern Transbaikalia, it is difficult to distinguish the age of some of 
the flows and tuffs, for it is not certain how many formations, hitherto 
assigned to the Jurassic, may be of Cretaceous age. Intrusive diabase 
appears along the Olenek, Anabara, and Khatanga rivers, along faults 
in the Neocomian and older sediments; but the intrusives may be Ter- 
tiary. The Lower Cretaceous beds of northern Sakhalin include andesite 
tuffs; in the Anadyr basin, the Upper Cretaceous consists largely of 
tuffogene sediments. 

At Oshih, Berkey and Morris found amygdaloidal basalts and ash-beds 
in the Wealden sediments, and silica-pipes, which mark the necks of hot 
springs. Here, the age of the volcanism is proved by the presence of 
Cretaceous sediments overlying the basalt, and by the fact that the basalts 
share the faulting and tilting of the Oshih, which does not affect the over- 
lying Sairim formation. 

Recently, Teilhard has reported, by letter, that Lacroix has examined 
the Cretaceous lava-specimens collected by Teilhard in the eastern por- 
tion of the Gobi, and found no rocks more basic than andesites. Teil- 
hard asked for a re-examination of the Expedition samples of Oshih 
lavas. The following excerpt is quoted from the report personally com- 
municated to him: 

“The texture of the rock is the coarsest extreme of the aphanitic texture; it is 
almost within the phanerocrystalline class. Such textures are very common in basic 
surface flows, but are uncommon in acid flows. 

“The structure is diabasic, characterized by long slender rods of labradorite lying 
in every position, so as to form an interlocking structure, much like that of wire 
nails in a barrel of nails. The labradorites are quite fresh and unaltered. Shapeless 
crystals of a ferromagnesian mineral originally occupied the irregular interstices be- 
tween the labradorites; but these crystals have altered to a mixture of secondary 
minerals such as serpentine and secondary magnetite, and tertiary products, chiefly 
limonite. We interpret these areas as augite which has been wholly altered. 

“In addition to the augite there is another wholly altered ferromagnesian mineral 
whose crystals are larger; some of the crystals show a hypidiomorphic habit, per- 
mitting the distinction of a high dome, 021, and a pinacoid, 010. These patches are 
richer in secondary magnetite and limonite than are the serpentinous areas which we 


1%51'V. A. Obruchev: Geologie von Sibirien (1926) p. 350. 
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interpret as representing augite. The cracks which traverse the larger and darker 
patches of alteration products are wholly irregular and suggest no trace of cleavage. 
We interpret these patches as representing an altered olivine, rich in the fayalite 


molecule. 
“Apatite is remarkably abundant, in the form of slender rods, many of which are 


ag large as the labradorite crystals. 

“We have no hesitation in calling this rock 1 true basalt. The feldspar alone 
would place it in that group, as it is too basic for a typical andesite. The chal- 
cedony in the amygdules was wholly introduced.” 


The wide-spread, sporadic distribution of thin to moderately thick lava 
flows and tuffs, of compositions ranging from rhyolitic to basaltic, is in 
keeping with the concept of Central Asia as a low, broad, relatively stable 
continent, disturbed chiefly by moderate warping and faulting. The 
association of the flows almost everywhere with the Lower Cretaceous 
formation suggests that the warping culminated during that period. This 
inference is consistent with the general paucity of Upper Cretaceous sedi- 
ments, implying that Central Asia stood higher, underwent more wide- 
spread erosion, and formed fewer warped basins during the Upper Creta- 
ceous than during the Lower Cretaceous period. 


Massacuvsetts Institute or TecHNoLocy, CAMBRipce, Mass. 
MANUSCRIPT RECEIVED BY THE SECRETARY OF THE Society, SepremBer 27, 1935. 
ACCEPTED BY THE COMMITTEE ON PUBLICATIONS, 1936. 
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PREFACE 


After many years of study of the graptolite zones of the slate belt of 
eastern New York, Ruedemann became convinced that the bedded cherts 
represent more than a mere phase of the shale, and that the problem 
of their origin is one for detailed study, together with the question of 
the depth of deposition. Accordingly, their relative abundance, their 
stratigraphic position, their petrographic structure, and their paleon- 
tologic content have been the subject of special investigation. These 
studies disclose a radiolarian fauna in the chert, that suggests, for the 
chert and the accompanying graptolite shales, a syngenetic colloidal origin 
and deposition in the deeper reaches of the geosyncline. 

To the Geological Society of America, which gave a grant for the work, 
the writers extend their sincere thanks. They wish to thank Mr. L. M. 
Prindle, for information concerning the distribution of chert of Norman- 
skill age in Washington County and within the Taconic quadrangle. They 
also acknowledge the benefits of the New York State Museum facilities. 
Mr. E. J. Stein made the photomicrographs and Mr. Paul H. Bird, the 
thin sections. The senior author has relied on the junior author, in the 
collection of the chert material from many localities, as well as in the 
study of the sections and of the literature. 


HISTORICAL BACKGROUND 


Mention of the slate belt cherts was made early in the last century, 
by Amos Eaton, who referred to them as “Lydian stone.” Later, W. W. 
Mather described them as “siliceous slate, basanite, touchstone, horn- 
stone and petroxilex,” giving a list of ten localities where they were well 
exposed. He noticed that there are all gradations from shale, through 
shaly chert, to compact flint, and concluded that the series represents 
varying degrees of induration of argillaceous sediments. 

L. 8. Griswold obtained his information on the New York State cherts 
largely from Mather’s 1838 report, and stated that “the chert or whet- 
stone is a modification of the slate rocks” and that “the siliceous slate 
is common from Kinderhook via Hudson to Thompson’s Landing below 
Rhinebeck.” 

In Dale’s opinion the chert is confined to the “Hudson River beds” and 
is characterized by white-weathering. His tests on the weathered part 
give the reaction for kaolinite, the rock itself (from Grandview hill, 
East Greenbush) “consisting of a carbonaceous matrix containing angular 
fragments of quartz and plagioclase and scales of muscovite.” ? Dale’s is 
the only published petrographic analysis of the chert. 


1W. W. Mather: Natural history of New York, pt. 4, Report on the Ist Geol. Dist. (1843) p. 395. 
2T. Nelson Dale: The geology of the Hudson Valley between the Hoosic and the Kinderhook, 
U. S. Geol. Surv., Bull. 242 (1904) p. 36. 
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Figure 1—Generalized map of Normanskill areas 
Includes some Cambrian and Deepkill. 
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Black squares show location of more prominent chert outcrops. i 
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Q Scale Zmiles 


j a Ficure 2—Normanskill belts of the Catskill quadrangle 
Ruled: grit belt. Stippled: chert belt. Blank: lower and higher Paleozoic formations. 
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Cushing and Ruedemann, and, later, Ruedemann,* considered the chert 
to be indurated shale. Ruedemann discovered abundant chert in the Nor- 
manskill formation and also in the Snake Hill shale near Saratoga Lake. 
The white-weathering chert, however, was found to be characteristic of the 
Normanskill. Cushing and Ruedemann made no special examination of 
the chert but accepted the conclusions of Dale. 

Prindle and Knopf,‘ in the region east of the Hudson Valley, found 
Normanskill cherts in the Little Hoosic Valley. They, too, found the 
white-weathering chert to be characteristic of the Normanskill formation. 


AREAL DISTRIBUTION 


The chert is found at many places within the slate belt that extends from 
Washington County to the Highlands of the Hudson, on both sides of 
the river. 

In general, the chert attains a maximum area in Columbia County, 
but there are extensive exposures in Greene and Washington counties, 
and it is present also in Ulster, Albany, Dutchess, and Rensselaer 
counties (Fig. 1). 

As the principal folds have a general north-northeast to south-south- 
west strike, and as the major structures are pitching folds, the chert lies 
in more or less parallel, tapering belts within the Ordovician areas. It 
is commonly found with shales, and not with the arenaceous or arkosic 
members of the formation, the “Normanskill grits.” 

Furthermore, the chert and grit are in broad separate belts. This is 
fairly well shown on the Saratoga-Schuylerville map and still more 
distinctly on the Catskill map, not yet published (Fig. 2). In the latter 
quadrangle, a 3- to 4-mile belt of Normanskill grit extends east of the 
Helderberg escarpment on both banks of the Hudson. This is followed 
on the east by a 3- to 5-mile belt of chert, extending south from Hudson 
and eastward to the Lower Cambrian overthrust plates. 

This investigation has definitely established the presence of Deepkill 
(Beekmantown) chert at two places. On the southeast side of Mt. 
Merino, south of Hudson, is a narrow belt of chert with shale and con- 
glomerate, the shale carrying Phyllograptus anna. At Coxsackie is 
another belt of chert, in which Didymograptus nitidus was found. There 
is reason for believing other areas of chert to be of Deepkill age, but 
these lack the paleontologic evidence. However, the greater part of the 
chert, wherever found in the slate belt, is Normanskill. The Snake Hill 
chert is restricted to a small patch near Schuyler, northeast of Saratoga 
Lake. 


% Rudolf Ruedemann: Geology of the capital district, N. Y. State Mus., Bull. 285 (1930). 
4L. M. Prindle and E. B. Knopf: Geology of the Taconic quadrangle, Am. Jour. Sci., 5th ser., 
vol, 24 (1932) p. 257. 
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As the entire slate belt has never been mapped in detail, the actual 
surface distribution of chert is not known. On geological maps, the 
chert has rarely® been distinguished by a separate convention, the 
pattern for the Normanskill covering chert, grit, shale, and conglomerate 
alike. Figure 1 shows only the more prominent occurrences of chert; 
there are many others. 


STRATIGRAPHY 


The lowermost zones of chert are of Deepkill (Beekmantown) age, as 
shown by typical Deepkill index fossils, Didymograptus nitidus and 
several species of Phyllograptus in, or associated with, the chert. 

Although beds of limestone and black, argillaceous shale are known, 
the Deepkill is generally siliceous. Hence, it is not surprising that chert 
is present in certain sections. Unlike the Normanskill chert, whose out- 
standing characteristic is its white patina, the Deepkill chert generally 
weathers brownish. This chert may also be distinguished, in some cases, 
by a more or less characteristic pale, green-gray color and a greater 
carbonate content. 

The graptolites indicate that the Deepkill chert is in the upper part 
of the formation. Additional weight is lent to this correlation by the 
finding of Normanskill rocks immediately adjacent, although, because 
of the imbricated structure so often found in the slate belt, the last 
criterion is not conclusive. 

The Normanskill beds, younger than the Deepkill, are probably 2000 
feet thick. The bulk of the formation is shale with grit, sandstone, chert, 
arkose, and conglomerate, ranking in the order named. There is no 
way of making exact measurements of the total thickness, because of the 
lack of a continuous section or of any two sections that can be definitely 
correlated. 

Although conditions at a few localities lead one to assume that the 
chert is underlain by the grit, the weight of the evidence indicates that 
the formation of chert initiated Normanskill deposition. The chert is 
always found with shale; at only a few places, near grit, although never 
in contact with it. The grit and chert are certainly not interbedded. The 
extremely complicated structures of normal and reverse faults, pinched 
and overturned folds everywhere obliterate the original sequence of 
beds over any considerable vertical range. There are, however, distinct 
belts of grit and of chert (Fig. 2). 

The mapping of the Catskill sheet in Columbia County ® has brought 
out the fact that chert occurs between the Cambrian areas and the main 


5 See H. P. Cushing and Rudolf Ruedemann: Geology of Saratoga Springs and vicinity, N. Y. 
State Mus., Bull. 169 (1914). 
®In preparation by Rudolf Ruedemann. 
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‘ Ficure 1. NoORMANSKILL CHERT 
Overturned and broken anticline at west foot of Church Hill. This exposure faces the eastern ap- 
proach to the Rip Van Winkle Bridge. Similar structures preclude any reliable estimate of thicknesses 
of chert sections. (Photo by E. J. Stein.) 


Ficure 2. DEEPKILL CHERT 
Chert and interbedded shale at south end of Mount Merino, Columbia County, New York. Showing 
true bedded character of the chert, (Photo by E. J. Stein.) 
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Ficure 1. GREEN NORMANSKILL CHERT FROM GLENMONT 
Photomicrograph (slide 2), showing dolomite rhombs precip- 
itated with the silica. Crossed nicols, x 20. 


Ficure 2, DeepxKILL CHERT AT STUYVESANT FALLS 
Showing various thickness of chert beds. (Photo by T. Y. Wilson) 
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body of the Normanskill. Some of this chert is Deepkill; most of it is 
Normanskill. All the Normanskill graptolites found in the chert or in 
the interbedded shales are typical lower Normanskill species, as com- 
pared with the British sections. Because the field relations indicate the 
nearness of the chert to older formations and because the graptolites 
found with the chert are the older forms, it is concluded that the chert 
is at, or near, the base of the Normanskill. 

Although there is little direct evidence to support this view, the shale- 
chert horizon seems to be succeeded, in order, by shale-grit, grit, grit- 
conglomerate-arkose. Beds of shale separate those of chert and grit, 
as is indicated by the presence of valleys, evidently cut in chert-free 
shale between belts of chert and belts of grit. Under this conception, 
it must be assumed that, if chert and grit are found adjoining, thrusting 
has been operative. 

DETAILS OF SECTIONS 


For the purposes of this study, it was not deemed necessary to visit 
every exposure of chert. In the time available only the more important 
exposures could be visited. 

Particularly fine outcrops are at the following localities: 


1, Willard Mountain Washington County 

2. A mile east of Fly Summit........ Washington County (Best Radiolaria) 
3. Rice Mountain—Grant Hollow..... Rensselaer County 

4. Mount Rafinesque ............... Rensselaer County 

6. A mile northwest of Chatham...... Columbia County 

7. A mile northwest of Ghent......... Columbia County (Radiolarite) 

9, Meno: cence Columbia County (Deepkill) 
10, Stuyvesant Pause Columbia County (Deepkill) 
11. Two miles south of Glasco........ Ulster County 


12. Railroad cut on New York Central 

“Castleton cutoff,” 1144 miles south 

of Schodack Landing ............ Rensselaer County 


At most of these localities the chert beds dip at high angles, although 
their normal sequence is obscured by tight folds, normal and reverse 
faults (Pl. 1, fig. 1). At Chatham, in the Boston and Albany Railroad 
cut west of the town, at Johnsonville, and at Valley Falls, low dips are 
found, but they must be very local, in view of the presence of faults, 
normal and reverse, and of pronounced cleavage in the intercalated shales. 

It is obvious that, with deformation so intense, no reliable measure- 
ments of the thickness of the chert zones can be made. Most sections 
measure only a few feet, but the exposures on the southwest spur of 


’ 
q 
q 
2 = 


1542 RUEDEMANN AND WILSON—EASTERN NEW YORK ORDOVICIAN CHERTS 


Mt. Rafinesque, truncated by the Hudson Valley, demand an estimate 
for their total thickness of about 600 feet. The locality east of Fly 
Summit measures about 400 feet. On the north side of Grant Hollow, 
near Melrose, 20 feet of thick-bedded green and black chert crops out. 
Many sections show a thickness of about 40 feet. 

The characteristics of the sections indicate several definite groups. 
One, the Deepkill chert, is composed of light green-gray beds, varying 
in thickness from half an inch to 4 inches, interbedded with siliceous, 
greenish shales of varying thickness. Black markings, which may rep- 
resent worm burrows, are common. 

A second group is that of the red and green beds, which, like all except 
the one just mentioned, is of Normanskill age. The beds vary from 
shaly to massive ones 6 inches thick. At Chatham, black graptolite 
shales immediately underlie the red beds. 

At Stuyvesant Falls (upper falls at dam) and at Chittenden Falls, 
one- to four-inch beds of black and green banded chert are intercalated 
with Normanskill graptolite shale. 

At Glenmont, where the highway crosses the railroad, at Grant Hollow, 
and 114 miles south of Glasco, beds, up to 8 inches thick, of dark-green 
and black (sometimes glassy) chert, crop out. 

In many places, and by far most commonly, the chert is greenish 
and in beds of from a fraction of an inch to two inches thick. The 
thickness of a section of this group is usually small. 

Lastly, there are the black, graptolite-bearing cherts such as are found 
at Stockport and Van Wie’s Point. Many of these contain pyrite nodules. 

Wherever graptolites have been found in the chert or in the shales 
associated with it, they are either of Deepkill or of Lower Normanskill 
age. Although some graptolites have been found in other Normanskill 
rocks, they are most profuse in the black shales associated with the chert. 


PETROGRAPHY 


The mineral constituents of the cherts, as determined by petrographic 
analysis, are few. Because of the somewhat metamorphosed condition 
of the rocks of the eastern New York shale belt, original composition is 
often masked by alteration products. However, certain pertinent facts 
stand out. 

In every section of chert studied, silica is the main constituent. With 
the exception of some material from Glenmont and the locality south 
of Glasco, truly amorphous silica is rare. Most of the chert is definitely 
cryptocrystalline. In some instances, for example, the Deepkill chert 
of Stuyvesant Falls, crystallization of chert has produced good quartzite. 
Ordinary light usually causes the radiolarians to appear in thin sections 
like windows in a darker wall (Pl. 3). In some, ordinary light shows 
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Ficure 1, NORMANSKILL CHERT FROM GLENMONT 
Photomicrograph (slide 11), showing Radiolaria confined to 
one bed. Ordinary light, x 20. 


Ficure 2. Rep NORMANSKILL CHERT FROM FLY SUMMIT 
Photomicrograph (slide 58), showing well-preserved Radio- 
laria and one large cruciform sponge spicule. Field darkened 

by hematite stain. Ordinary light, x 30. 
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Ficure 1. NORMANSKILL RED CHERT 
From a point a mile west of Ghent (slide 50). Photomicrograph 
showing packing of Radiolaria to form radiolarite. Dark parts of 
section are hematite stain. Ordinary light, x 20. 


Figure 2. CRUSH BRECCIATED RADIOLARITE 
50) From a point a mile west of Ghent (slide 51). Photomicrograph 
a showing large number of detached radiolarian spicules. 
ne Ordinary light, x 20. 
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them stained by carbon. The black Normanskill chert of Stuyvesant 
Falls, which is interbedded with graptolitic shale, shows this feature. 
Under crossed nicols, the fossils are seen to be minutely cryptocrystalline, 
suggesting that the originally chalcedonic silica of their tests, being purer, 
crystallized more readily than the silica of the matrix. 

Thin sections of chert from Mt. Rafinesque, from a mile south of 
Becraft Mountain, and from just north of Mt. Tom, show mass polariza- 
tion, extinction occurring parallel to, and also at right angles to, the 
bedding. This is probably the result of mineral parallelism, effected 
during crystallization and producing a foliation parallel to the original 
microscopic bedding. This is purely a pressure effect. 

Opaque material in some of the sections seems to be carbon, derived 
from organisms and strung out in small masses along the bedding. In 
other sections, it appears to be argillaceous material, probably repre- 
senting original colloidal clay. The sericite needles in some of the darker 
chert probably represent alteration of such clay. Chert from Mt. Rafin- 
esque exhibits a very little pyrite, which may be secondary. 

All of the Deepkill, and much of the Normanskill, chert contains 
dolomite rhombs up to 2 millimeters in length (PI. 2, fig. 1). The Deep- 
kill is especially rich in carbonate, a fact that may assist in correlation, 
where fossils are absent. 

The red chert, or jasper, is rich in hematite in ultra-microscopically 
fine grains, irregularly disseminated throughout the siliceous matrix 
(Pl. 3, fig. 2), producing a clouded appearance. 

In the chert, clastic material is extremely scarce but is found in thin 
beds, as subangular quartz fragments. 

The fact that only chemical and colloidal precipitates make up the 
chert, whereas continent-derived material accounts for less than one 
per cent of the bulk, lends weight to the belief that the chert represents 
a sediment of the deeper sea, more or less remote from any continental 
platform. 

COLOR 


The chert is of various colors. The Deepkill chert is everywhere gray- 
green and is commonly characterized by discontinuous black markings 
which may be worm trails. The Normanskill chert is found in associa- 
tions of black and green, red and green, as well as black alone and green 
alone. The most common is green, although, in Washington County, 
large thicknesses of red are associated with green. Black chert is found 
in great quantity at Stockport and at Van Wie’s Point, in both places, 
somewhat argillaceous and carrying graptolites. Masses of red chert 
are found between Glasco and Kingston, between Ghent and Chatham 
Center, in Mt. Rafinesque, and in Washington County in the slate belt. 
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Beds of alternating black and green bands crop out at Chittenden Falls 
and Stuyvesant Falls. In many places, the red and green can be seen 
grading into each other along the strike of a single bed, so that the green 
chert appears as lenses in the red. 

Several studies’ have brought out the fact that colloidal silica has 
the property of absorbing considerable quantities of other substances. 
Silica seems to have a particular affinity, in this respect, for carbon. The 
thin sections show that, as a general rule, the black chert is actually 
green chert in which there is a considerable amount of absorbed carbon. 
The blackest chert is that of the Stockport-Van Wie’s Point type, which 
contains carbonized graptolite remains. Thus the color is probably due, 
in part, to carbon derived from organisms, absorbed by the colloidal 
hydrous silica. Some slides show radiolarians darkened by carbon so 
as to set them apart from the matrix. 

Although carbon has a darkening effect, much of the black color of 
the chert is imparted by argillaceous material, which was probably 
originally colloidal and admixed syngenetically with the colloidal silica. 

Black chert from several localities was crushed to a fine powder and 
then heated in a platinum dish, with the following results: 


Color 
Locality 
Hand specimen Powder Powder after heating 
Glenmont Glossy black Light-gray Slightly reddish 
Railroad cut south of 
Schodack Landing Dark-green and black | Gray Red 

Willard Mountain Dark-green and black | Brown-gray | Slightly reddish 
Stockport Dark-gray Dark-gray Light-red 

Coveville Black Dark-gray No result 


The results of these heat tests indicate that iron salts are common in 
the chert and that the dark color is often due to volatile constituents. 
However, the black chert from Glenmont, which is more nearly “basa- 


7Among them: Pierre Urbain: Sur la séparation des divers constituents des argiles, review in 


Neues Jahrbuch, Referate II (1934) p. 373. 
C. A. Jacobson: Silica black, in Indus{rial and engt ing chemistry, vol. 26, Consec. 22 (1934) 


p. 798-800. 
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nite” than any other found, in powder or in thin section, is no longer dark. 
Its color seems to be an optical property determined by some internal 
arrangement, perhaps molecular and corresponding to the usual silicate 
colorless streak. Jacobson, after experimenting with “silica black,” 
concludes that the amount of carbon present has no direct effect on the 
color. He states: “It is interesting to note that the A grade is considerably 
darker in color than the B grade although its carbon content is less than 
one-half that of the latter.” ® 

It can be seen in the sections of banded black and green chert from 
Stuyvesant Falls and Chittenden Falls that the black is like the green 
except for larger amounts of opaque (carbon) material, strung out in 
lenses along bedding planes. 

Davis has shown that many, but not all, green and gray cherts are the 
result of decoloration of cherts originally red. Red cherts, where iron- 
oxide is dissolved out by circulating water, become leached and of 
greenish color. Greenish cherts, therefore, often show residual cores of 
red chert. 

This conclusion of Davis is of considerable importance as indicating 
the original existence of much greater quantities of red chert than are 
now observed in the sections. There may have been much more radiolarite 
originally than is now indicated. 

The white-weathering property, which generally characterizes the 
Normanskill chert, was believed by Dale to be due to the kaolinization 
of “a fine feldspathic cement.” A study of the thin sections does not 
establish the presence of such a cement. At more than a hundred local- 
ities visited, it was found that only the surfaces of chert exposed to the 
light had become white. This phenomenon is true of both bed rock and 
loose blocks. Hence, it is possible that the white-weathering of the chert 
is, in part, a bleaching or photo-chemical effect, if it is not merely the 
result of selective weathering, which produced a porous condition (as 
proven with a touch of the tongue when the specimens are dry). Smith 
has concluded that the white patina of the Kineo rhyolite is of similar 
origin, likewise the result of bleaching. In the August 21, 1936, issue 
of Science, Leon P. Smith, in an article on “The weathering of flint arti- 
facts,” stated that “the more attractive jaspers are undoubtedly affected 
by actinic rays, but a loosening of their silic binding material occasionally 
exceeds the bleaching.” 

ORIGIN 
ACCEPTED THEORIES 


There is considerable disagreement among geologists concerning the 
origin of chert and similar siliceous rocks. There is neither place nor 


8C. A. Jacobson: op. cit., p. 799. 


if 
iF 
2 


1546 RUEDEMANN AND WILSON—EASTERN NEW YORK ORDOVICIAN CHERTS 


motive for a criticism of the various theories in the present paper, except 
as they concern eastern New York Ordovician cherts. 

A thorough survey of the literature, the occurrences of radiolarian- 
bearing chert in all parts of the world, and of the views as to the origin 
of these cherts, was given in 1918 by E. F. Davis, in his excellent paper 
on the Radiolarian Cherts of the Franciscan Group of California. More 
recent summaries were given by F. W. Clarke, in 1924, and by Tarr,° 
in 1930. 

Theories for the origin of chert fall into three groups: 


1. Chert is a secondary replacement by silica, of some sediment not 
essentially siliceous (a common case, as Boone chert). 

2. Chert is a result of organic metabolism. 

3. Chert is a true sediment, deposited on the sea floor. 


Recently, it has become usual to infer the origin of a particular chert 
from the nature of its associates, notably the associated sediments. 

The cherty shales and cherts present a series, ranging from shale 
through shaly chert to chert. Were this a gradual change from bed to 
bed, it would be reasonable to assume, as has previously been done, that 
the change is the result of a silicification or replacement of originally 
argillaceous material. However, field study shows that many beds of 
massive chert are separated by shale partings that exhibit no indication 
of silica replacement. Just east of Fly Summit, Washington County, 
Wilson measured a 400-foot section of chert. Many of the beds are 
2 feet thick and are separated by an eighth of an inch, or slightly thicker, 
black argillaceous shale beds. At the south end of Mt. Merino, south 
of Hudson, there are 4-inch and 5-inch beds of solid chert, separated by 
as thick, or thicker, argillaceous strata. Similar outcrops are numerous. 

A true induration, where shale, which is characterized by thin bedding, 
is replaced by silica, would show the original bedding preserved in 
pseudomorphic detail. Actual observation, however, demonstrates that 
many of the chert beds show no thin banding within. It must be ad- 
mitted, on the other hand, that many beds do show a fine, even micro- 
scopic, banding. Hence, if the unbanded beds can be accounted for, it 
might be argued that the banded beds are indurated shale. It is signifi- 
cant that thin sections of chert from Stuyvesant Falls show chert with 
intercalated thin bands of very fine-grained quartz, clearly in its original 
form, leaving no doubt that, in this case, both the quartz and the chert 
must be of syngenetic origin. 

At several localities just west of the Taconic Range, the chert beds are 
cut by quartz veins in such a way that the quartz is clearly seen to be 


®°W. A. Tarr: Recent publications on chert, flint, concretions, Nat. Res. Council, Repr. and Circ. 
ser. 92 (1930) p. 55-61. 
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of a later generation. These same veins intersect beds of shale and chert 
alike, and the shale is not silicified. 

The locality at the south end of Mt. Merino exhibits an intraforma- 
tional conglomerate or breccia, which is composed of fragments of chert 
and limestone in a calcareous matrix. This is repeated in several beds, 
separated by shale and chert beds. It is evident that here the chert 
pebbles within the conglomerate are of original chert. Secondary replace- 
ment by silica cannot be so selective. A similar occurrence is to be found 
114 miles north of Athens, on the west shore of the Hudson. 

At Troy, on the Rensselaer Polytechnic Institute campus, Ruede- 
mann 7° found a fault breccia of post-Ordovician (Taconian orogeny) age, 
separating the Lower Cambrian and the Ordovician at the great thrust 
plane (“Logan’s Line”). This Poestenkill fault breccia is replete with 
fragments of Ordovician limestone (Bald Mountain), grit (Normanskill), 
and black chert. There is no chert known from the Cambrian of the 
region; hence, that of the breccia must be Ordovician, and essentially in 
its Ordovician lithologie condition. 

The presence of radiolarians in the chert is the best evidence that the 
chert is not secondary, as Paleozoic radiolarians are completely siliceous 
organisms and require silica for the construction of their tests. There 
must have been a sufficient amount of silica present when the radiolarians 
lived. Furthermore, radiolarians are rare in any except siliceous sedi- 
mentary rocks. This indicates that they are practically restricted to 
cherts and siliceous shales and that they have not simply drifted into 
siliceous deposits from elsewhere. 

Small amounts of chert in more or less isolated patches may be 
accounted for by the secretion of silica by organisms. Some cherts con- 
tain so many radiolarians that they are termed “radiolarites.” Sponge 
spicules are found in some chert, especially in the nodular variety. But 
all chert is not characterized by such fossils. 

Radiolarians are present in the Normanskill chert to a varying degree. 
It is impossible to ascertain their relative abundance from less than 
several thousand systematically collected rock specimens. However, it 
is apparent that, although some sections are replete with radiolarians, 
or nearly composed of them, others are completely barren. This condi- 
tion is proof that the radiolarians are incidental and that the chert is 
not a result of their decomposition (PI. 3, fig. 1). The fact that 27 out 
of 51 chert slides showed radiolarians suggests that the latter may be 
found in all chert beds and that all this chert is of similar origin. 


10 Rudolf Ruedemann: Geology of capital district, N. Y. State Mus., Bull. 285 (1930) p. 113-114, 
fig. 64. 
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More recent workers incline toward the belief that chert represents 
a true marine sediment, and they invoke the principles of modern col- 
loidal chemistry for explanation. Especially invoked is the fact that 
positive ions of electrolytes will flocculate the negatively charged parti- 
cles of suspensoids. It is more often maintained that the silica became 
precipitated through an excess of it than that a concentration of the 
opposed positive ions caused normal amounts of it to flocculate. 

Material delivered to the sea by rivers ranges upward in size from 
the molecular. If molecular, it is said to be dissolved; if larger, it is 
colloidal to clastic. There is no essential difference between large colloidal 
particles and small clastic particles, as there is a gradation from one to 
the other; hence, they must act more or less alike with respect to the 
influence of oppositely charged ions and protective colloids (colloids 
that have the effect of keeping others in suspension). Gravity will hasten 
flocculation in proportion to the mass of the particles. 

Murray and Irvine ** have shown that the waters of the ocean contain 
only minute amounts of silica and that it is improbable that the siliceous 
organisms are able to obtain their silica from the dissolved silica of the 
ocean. 

Owing to the small amount of silica in sea-water, the view that thick 
chert beds were deposited as silica gel meets serious obstacles, as fully 
discussed by Davis, for, even though it is fully recognized that electrolytes 
tend to cause the coagulation of colloids, it is necessary to provide for 
the silica, which, for instance, is brought, by rivers, in greater quantities 
into the sea, rich in strong electrolytes, some mechanism capable of con- 
centrating it into definite areas of sedimentation. 


RELATION OF VOLCANIC ACTIVITY 


This difficulty has led many (among them, Davis) to the view that 
submarine voleanic exhalations or submarine springs producing magmatic 
water are necessary to explain the great deposits, hundreds of feet thick, 
as in the Franciscan group. This hypothesis seems well supported by 
the presence of volcanic rocks, both intrusive and extrusive, in connection 
with the more important chert deposits in many parts of the world. 

Sampson, among others, thus considers the cherts of Notre Dame Bay, 
Newfoundland, to have resulted from a “precipitation of colloidal silica 
by the ions of sea water having an opposite charge and, to a less degree, 
by oppositely charged colloids formed by the interaction of magmatic 
and sea water,’’* the silica being derived from submarine magmatic 
exhalations. 


1 John Murray and Robert Irvine: On silica and the siliceous remains of organisms in modern seas, 
Roy. Soc. Edinburgh, Pr., vol. 18 (1891) p. 229. They also show conclusively that diatoms obtain 
their silica from suspended clay and many infer the same for radiolarians. 

12 Edward Sampson: The ferruginous chert formations of Notre Dame Bay, Newfoundland, Jour. 
Geol., vol. 31, no. 7 (1923) p. 572. 
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With so many observations in favor of a direct connection between 
chert sedimentation and volcanic activity, a similar association was 
looked for in the eastern New York slate belt. In northern Washington 
County, camptonite dikes are found within the Ordovician slates. It 
is apparent in the Staso quarry, west of Poultney, Vermont, that these 
dikes are later than Ordovician, as a dike there vertically intersects a 
recumbent syncline of red and green Normanskill slate and chert, the 
folding being of Taconian (pust-Ordovician) age. 

A mass of diabase near Schuylerville, Saratoga County, known as 
Starks Knob, cutting Normanskill shales and chert, has been the subject 
of considerable description and controversy. Cushing and Ruedemann ™ 
believed that the “plug” had only reached its present position as a result 
of thrusting. This is true in so far as the whole Normanskill in that 
area is an overthrust body. At the same time, scientists who have more 
recently inspected the Schuylerville volcanic mass have inclined to the 
view that it may be a pillow-lava, resulting from submarine eruption, 
and recent information from A. C. Lane,'* concerning radioactive tests 
of this diabase, indicates an Ordovician age. It may be, then, that 
submarine magmatic exhalations accompanying this eruption, or hot 
springs following it, contributed silica to waters of the Ordovician Levis 
trough of the Appalachian geosyncline. 

From a comparison of graptolite faunas, it appears that, during 
Normanskill time, there was marine connection between eastern New 
York, across Newfoundland, to the North Atlantic and Great Britain. 
All these sections of Normanskill age contain chert, and Newfoundland, 
together with New England and Great Britain, have an associated igneous 
chapter in their histories. It is not impossible that the Canadian erup- 
tives contributed such an excess of silica to the geosyncline in its north- 
east portion that the effects of it were reflected, farther south-southwest, 
as deposits of chert. 

The horizons of metabentonite and bentonite in the eastern Ordovician 
have been established by Kay, Whitcomb, and Stose and Jonas, the last 
two reporting an early Trenton basaltic lava, as well. The bentonites 
are placed in Black River, or early Trenton, time. 

The Normanskill formation was at first classified by Ruedemann,’® 
as extending up into the Trenton, but, later, he assigned it to the Chazy.1® 
However, there is evidence that it extends its upper limit into the Black 
River, if not into the Trenton. 


13H, P. Cushing and Rudolf Ruedemann: Geology of Saratoga Springs and vicinity, N. Y. State 
Mus., Bull. 169 (1914) p. 115 et seq. 

14 Personal communication. 

145 Rudolf Ruedemann: Hudson River beds near Albany and their taronomic equivalents, N. Y. 
State Mus., Bull. 42, no. 8 (1901) p. 551. 

16 Rudolf Ruedemann: Geology of the capital district, N. Y. State Mus., Bull. 285 (1930) p. 104, 
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It is, thus, entirely possible that volcanic ash, elsewhere forming 
bentonitic clays, contributed some amount of silica to the sea in which 
the Normanskill was forming. As yet, no bentonites have been recog- 
nized in the Normanskill formation. The silica added through ash fall 
could not have been the deciding factor in the formation of the cherts, 
as recognized bentonite seams in the east are usually less than six inches 
thick, and the cherts run into several hundred feet. 

That there is a definite voleanic chapter somewhere in Black River- 
Trenton history is without doubt, and it is not unlikely that the products 
of this activity did contribute large amounts of silica to this Ordovician 
sea of the Appalachian geosyncline. 

Tarr ?* states that “chert and flint are cryptocrystalline varieties of 
quartz . . . that they were precipitated directly on the sea-floor. Silica, 
the second most common constituent added by rivers to the sea annually, 
was more abundant during periods of dominantly chemical erosion, but 
instead of being deposited with shales and clays, as it is today, it accu- 
mulated. This was aided by hydrophilic colloids, which prevented the 
coagulation of the silica until the saturation point was reached when 
precipitation occurred.” In this view, as in most others that hold to 
a sedimentary origin for chert, an effort is made to account for excessive 
quantities of silica in the marine waters. 

The greatest difficulty encountered by these hypotheses of the deposition 
of silica gel as a sediment, mainly by supersaturation from siliceous 
springs or emanations from igneous rocks or by general supersaturation 
of certain basins, is the fact that no such cherts, and especially also no 
radiolarian cherts, have been found in the process of formation. 


TIME FACTOR OF DEPOSITION 


At Stuyvesant Falls, Columbia County, are two distinct sets of chert. 
One is composed of light-grayish rocks, whose textures range from 
cryptocrystalline or cherty to quartzitic. In fact, there are some beds 
that are hard to classify according to ordinary terms. They may be 
termed grainy cherts or fine-grained quartzites. These fine-grained 
quartzites are obviously derived from amorphous chert that was deposited 
by colloidal silica, but, owing to a slight or beginning metamorphosis, 
they have been altered into an extremely fine-grained quartzite, the 
angular grains of which fit closely together. European authors have, 
for some time, recognized the fact of the metamorphism of amorphous 
chert into fine-grained quartzite. 

The other set of chert at Stuyvesant Falls is stratigraphically above 
the first and is composed of material quite different in appearance. Here, 


17 W. A. Tarr: The origin of chert and flint, (Abstract) Pan-Am. Geol., vol. 47, no. 1 (1927) p. 73. 
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the chert forms beds up to 6 or 8 inches in thickness, which, in turn, are 
composed of alternating black and dark-green bands of exceedingly fine, 
crystalline material. These beds are separated by black graptolite shale. 

The alternation of chert and shale, both of which are composed of 
colloidal material, seems to indicate that long times of almost pure 
water were interrupted by epochs of relatively large and rapid supply 
of clay matter, at times either colloidal or detrital. 

The extremely fine microscopic bedding of some of the chert, with 
fine black organic films on the bedding planes, is proof that some of the 
chert was deposited slowly. Moore and Maynard have pointed out that 
silica is deposited at a slow rate by electrolytes and that time is, there- 
fore, an important factor in the precipitation from dilute solutions. On 
the other hand, the amorphous chert from Glenmont (PI. 2, fig. 1) con- 
tains authigenic dolomite crystals, fairly evenly distributed in the chert 
and clearly syngenetic with the chert, thus leaving little doubt of the 
chemical precipitation of that chert, which, as bedding is not discern- 
ible, may have taken place more rapidly and from a more concentrated 
solution. 

From these facts, the writers conclude that the Deepkill and the Nor- 
manskill cherts represent consolidated, dehydrated marine deposits of 
colloidal silica (plus smaller amounts of other deposits). The silica was 
probably contributed to the sea, through submarine or continental vol- 
canic activity, in particles of colloidal dimensions. 


RADIOLARIAN CHERTS FORMED IN DEEPER WATER 


The presence of radiolarians in the chert definitely establishes the 
deeper-sea character of the original siliceous sediment, for, according to 
the reports of the Challenger Expedition, as well as later oceanographic 
surveys, radiolarians are definitely confined to the pelagic faunas of the 
open ocean. These reports also assert that radiolarians are not found 
today in bottom-deposits of water less than 100 fathoms (183 meters, 
600 feet) in depth. 

According to the Challenger Reports, the 100-fathom (183-meter) con- 
tour marks the line above which form sandy and coarser sediments, and, 
below which, muds and oozes predominate. This contour corresponds to 
Thorp’s 200-meter depth, below which are siliceous deposits.'* 

It is further important to note, in this connection, that the cherts of 
the slate belt are found only in the “pure graptolite shales,” (Deepkill, 
Normanskill) which, as Ruedemann’® has already shown, contain only 
planktonic faunas derived from the open ocean, and the “impure grap- 


38E. M. Thorp: Deep-sea bottom samples, Atlantic and Caribbean, Scripps Inst. Oceanography, 


Bull., tech. ser., vol. 3, no. 1 (1931) p. 22. 
1 Rudolf Ruedemann: Palezoic plankton of North America, Geol. Soc. Am., Mem, 2 (1934) p. 46. 
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tolite shales” (Snake Hill, Canajoharie, Schenectady, Utica shales), en- 
tirely lack the cherts, with the exception of the Snake Hill shale, which, 
as mentioned before, contains locally a small amount. The impure 
graptolite shales contain, in addition to the planktonic graptolites, im- 
poverished bottom faunas, indicating deposition less remote from the 
shore and presumably at less depth. It is, thus, seen that the close 
association of syngenetic chert beds with pure graptolite shales tends 
to support the view, expressed in former publications, that the pure 
graptolite beds were deposited in deeper water, as were, obviously, the 
cherts, likewise. 

From the facts thus presented, the conclusion is reached that the 
cherts under discussion were formed in the bottom of the Appalachian 
geosyncline, at depths not less than 200 meters. 

The coarser sediments belonging to the Normanskill formation, then, 
were either formed contemporaneously in shallower water near shore 
or, at a later time, following the partial filling in, or the uplift of, the 
Levis trough. 

CONNECTION WITH GEOSYNCLINES 

As already stated, the present trend of opinion is to consider the 
widely spread fossil radiolarian cherts as deposits of the marginal seas 
formed by the influence of volcanic activity. 

The fossil evidence has not been taken into consideration in regard to 
the origin and the depth of deposition of the cherts. The writers present 
evidence indicating much greater depths than the 200 meters already 
mentioned, if not abyssal depths. 

As already shown, the frequent association of the chert with grapto- 
lites is significant in suggesting greater depths of deposition. It is note- 
worthy, in this connection, that, like the graptolite occurrences, also, 
the radiolarian cherts are connected, in nearly all cases, with geosynclines. 
This is especially true of the most prominent occurrences of radiolarian 
cherts of Paleozoic age, as those of Scotland, southwestern England, 
Ireland, the Ural and Hartz mountains, Saxony, the Rhine Valley, Italy, 
Dutch East Indian Archipelago, Australia, as well as those of Mesozoic 
age (the Alps, Borneo, Java, Dutch East Indian Archipelago, Philippines, 
Texas, California, and Alaska), and the Tertiary ones (notably, in the 
West Indies). This is a very important fact, for it distinctively con- 
nects the radiolarian cherts with a special group of marine basins, which 
are distinguished for the rapid changes of depth that took place in them. 


AREAL EXTENT OF RADIOLARIAN CHERTS 


Another fact of great significance, in this connection, is the wide areal 
extent of the radiolarian cherts. To cite, first, the Ordovician cherts; they 
are known from Newfoundland to the Hudson Valley, and probably 
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beyond. Many of the radiolarian cherts extend over great lengths, as 
those of the Alps and the cherts of the Franciscan group of California, 
which are not only very thick (Ingleside chert, 530 feet; Sausalito chert, 
900 feet), but form a band, 25 miles wide, in a basin that was about 
50 miles wide and extended several hundred miles. The most amazing 
distribution, however, is shown by the radiolarian cherts of the Danau 
formation of Borneo, probably of Jurassic age. These, as described by 
Molengraaff, are about 300 feet thick and form a belt at least 60 kilo- 
meters wide and 650 kilometers long, covering an area of 40,000 square 
kilometers (15,500 square miles). All over this immense area the radio- 
larian rocks remain constant in their nature and show everywhere the 
same macroscopic and microscopic characters. Molengraaff saw no way 
of escaping the conclusion that these cherts were the equivalents of the 
radiolarian oozes and red clays of abyssal depths. 

He has, thereby, returned to the original views of Neumayr and Stein- 
mann, who proclaimed the Jurassic radialarian cherts of the Alps as 
“radiolarite,” derived from radiolarian ooze. Davis, on the other hand, 
believes that the radiolarian cherts are not the equivalents of the radio- 
larian oozes, which is also the opinion of many. It is, thus, obvious that 
there is good evidence for both views; the truth may be somewhere 
between. In this dilemma, it is possible to find some strong evidence 
in the character of the radiolarians, which points to an abyssal habitat 
of part of the fauna and, thereby, to an abyssal origin of the radiolarian 
chert. 

OCEANIC UPWELLINGS AS POSSIBLE CAUSE 


The possibility has to be considered that upwelling of the abyssal 
waters, such as are known to occur on the west coasts of Africa and 
North and South America (California, Peru, and Ecuador), may have 
brought the radiolarians into the Normanskill cherts, then being deposited 
along the coast. It is a well-established fact that radiolarians are thus 
deposited at times in great numbers, out of their depth, in littoral sedi- 
ments off the coast of California, and it is possible that the rich radio- 
larian cherts of the Franciscan beds of California, which Davis considers 
as deposits of the littoral zone, owe their fauna to such upwellings. 

It seems, however, improbable that the Normanskill cherts could have 
been enriched in radiolarians by upwellings of abyssal waters, as they 
were deposited in a geosyncline, which, though open at both ends, was 
not likely to offer the conditions necessary for large-scale upwellings of 
abyssal waters along the coast, for today these rise to the surface only 
at the eastern beginnings of the great equatorial, trans-oceanic currents, 
mainly resulting from the steady trade-winds. 
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NO RED RADIOLARIAN CHERT FORMING TODAY 


Further facts help to solve the problem. First, there are no known 
regions where red radiolarian chert, as such, is being deposited today, 
which has led to the assumption of volcanic agents in the formation of 
the chert. It is of further importance that not only the bulk of the 
cherts is red, but that, as Davis shows, all the other radiolarian cherts 
(green and black) were originally also red. He further concludes that 
the thin intercalations of red clay shale are not detrital, and, further- 
more, that there would be “nothing contradictory in the idea of radio- 
larian oozes intermixed with red muds of terrigenous origin” as “off the 
west coast of Central America, at the present time, radiolarian oozes 
occur in many places within 100 miles of the shore line,” just outside the 
areas of blue mud, which is terrigenous.”° 

If one takes these facts into consideration, and further remembers that 
Moore and Maynard have emphasized that time is the important factor 
in the formation of chert, and further takes into account the important 
recent investigations by Kiimmel,”* on the action of halmyrolysis as a 
factor in the flocculation of silica, one can form a fairly complete picture 
of the probable formation of radiolarian chert. By halmyrolysis, 
Kiimmel meaus the changes of equilibrium at the boundary of sea-bottom 
and sea-water. It works especially at places of slow sedimentation. 
Glauconite is formed by halmyrolysis, its origin being connected with 
an enrichment in iron, potassium, and phosphoric acid. Halmyrolysis 
may well have favored the alteration, at the sea-bottom, of red ooze into 
chert in the presence of sufficient silica of volcanic origin, or may have 
been an active agent in the deposition of silica gel as an admixture to 
the radiolarian ooze. The syngenetic colloidal silica prevails in many 
beds over the radiolarian ooze, to such an extent that a chert poor in 
radiolarians has resulted. 

These data indicate that the radiolarian chert was formed at the 
bottom of geosynclines, by direct deposition of syngenetic chert and the 
radiolarians or by the deposition of chert, together with radiolarian 
ooze, or, finally, by the transformation of radiolarian ooze into chert by 
the voleanic and other factors mentioned. The petrographic and strati- 
graphic character of the Normanskill cherts seems at present to favor 
the view of the direct deposition of the silica gel with the radiolarians, at 
depths where pure radiolarian ooze would form in the absence of the 
silica. 


*E. F. Davis: The radiolarian cherts of the Franciscan group, Univ. Calif., Pub. Geol., vol. 2, 
no. 3 (1918) p. 260, 360. 

2K. Kiimmel: Das Problem der Halmyrolyse und seine Bedeutung fiir die Bildung von Erzlager- 
stdtten, Freiburger Geol. Ges., 14 (1983) p. 22. Berlin. 
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FOSSILS OF THE CHERT 
GENERAL STATEMENT 


The Paleozoic chert beds of the eastern New York slate belt have no 
fossils except radiolarians, graptolites, sponge spicules, and some prob- 
lematica. The graptolites of the chert beds have been described in 
former publications, and the meaning of their occurrence in the slate 
belt was fully discussed in Memoir 2 of the Geological Society of 
America. Formerly, Ruedemann was acquainted only with lower Nor- 
manskill graptolites from the chert beds, but work during the summer of 
1934 brought to light Deepkill graptolites in shales with chert beds (a 
Phyllograptus fauna, at Mount Merino, south of Ash Hill quarry) and 
also in chert (Didymograptus nitidus, at Coxsackie) indicating long 
persistence or widely separated recurrence of chert-producing conditions 
in the Appalachian geosyncline. This is not the place to list all the 
graptolites found in the chert; it may, however, be stated that the entire 
list of Normanskill forms, reported by Gurley, from Stockport, New 
York, is found in the chert. Sponge spicules are decidedly rare. 


RADIOLARIA 


The most important biotic element of the chert is, undoubtedly, the 
Radiolaria. These were found in much greater abundance than had 
been expected; they completely compose some of the beds. This fact 
opens a wide vista of speculation. The forms discovered, briefly described 
and figured in the appendix (p. 1566) have a bearing on the problems of 
the depth in which the chert was formed, however, so important that it 
is given separate consideration. 

Radiolarians have long been known from the Paleozoic chert beds of 
Europe but hitherto given scant attention on this side of the ocean. The 
writer, in his work on Paleozoic Plankton, had not enough data on either 
Radiolaria or Foraminifera of the earlier Paleozoic of America to devote 
more than a few lines to them. Hinde described species of radiolarians 
from chert beds in Scotland, between the rocks containing Llandeilo 
graptolites (below) and those with Caradoc facies (above). This rock 
is approximately of the age of the Normanskill, and it is, therefore, to 
be expected that Scottish and New York radiolarians have much in 
common. 

In 1862, White figured some microfossils from the flint nodules of the 
Black River and Onondaga limestones of central New York. He distin- 
guished no radiolarians, but, judging from his figures, some of his doubt- 
ful spherical diatoms and sponge statoblasts (Xanthidia) may be radio- 
larians. Sampson mentions incidental radiolarians in the ferruginous 
chert of Normanskill age in Newfoundland. In Europe, Radiolaria are 
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well known. In addition to the famous supposed pre-Cambrian forms 
(Devonian, according to more recent work) from the quartzite of the 
Bretagne, they are reported from the Silurian black and red chert 
(Kieselschiefer) of Langenstriegis in Saxony, Rehau, Steben in Franconia, 
the red jasper of Abington, Scotland, and the cherts of the Devonian of 
Cabriéres in Languedoc in France.** All the Ordovician: and Silurian 
radiolarians belong to the primitive class of Spumellaria.2* The Devonian 
cherts (cited as Jaspis, Kieselschiefer, Adinol, Lydit, and others) have 
afforded numerous genera of Spumellaria and Nassellaria. Riist ** de- 
scribes 46 forms of Spumellaria and 17 of Nassellaria from the Devonian 
cherts, of Germany and Siberia and 155 species from the Carboniferous 
cherts. In 1933, Kontek also discovered abundant radiolarians in Upper 
Devonian lydite of Moravia. They are also known from the Permian 
rocks and abound in many Mesozoic formations in Europe. Certain 
rocks, especially of Upper Jurassic age, as the Tithonian jaspers and the 
Aptychus-shales of the Alps and Appennines, entirely composed of 
Radiolaria, have been described as “Radiolarites” and considered as 
evidence of deposition in abyssal depths at the bottom of the Tethys. 
The claim of the abyssal origin of the radiolarite, originally advanced 
especially by Neumayr, Suess, and Steinmann, has often been opposed, 
and it has been claimed that the presence of terrigenous materials, their 
stratigraphic connections, and the absence of admixed volcanic glass, 
such glass being characteristic of present-day radiolarian oozes, contra- 
dict that view.» On the other hand, Andrée, a recognized authority in 
the field of sedimentation, has recently pointed out that Steinmann’s 
important work on the radiolarites has been accepted quite generally 
and that true radiolarites have since been described by a number of 
authors from all parts of the world. Molengraaff,?* in particular, found 
in the Danau formation of Borneo, which covers an area about one-third 
as great as New York State, a bed of radiolarian chert, at least 100 
meters thick, which remains constant in its macroscopic and microscopic 
characters over the whole area. Hinde, who studied the radiolarians, 
found them similar to those of the California Coast ranges and assigns 
to them a Lower Cretaceous, or more probably Jurassic, age. Molengraaff 
considered these cherts and associated shale as the equivalents of radio- 
larian oozes and red clays of abyssal depths, and their freedom from 
terrigenous material, their association with manganese, and their great 
extent caused him to believe that they were laid down in deep water, far 


2 See Zittel-Broili: Grundziige der Paldontologie (Paldozoologie), (1921) p. 49. Miinchen und 
Berlin. 

*8 Hinde said he had Nassellaria, but they were not complete enough to describe. 

%D. Riist: Beitrége zur Kenntnis der fossilen Radiolarien aus Gesteinen der Trias und der palaeo- 
zoischen Schichten, Palaeontographica, vol. 38 (1892). 

% Zittel-Broili: op. cit., p. 47. 

2°G. A. F. Molengraaff: On oceanic deep-sea deposits of Central Borneo, Kon. Akad. v. Weten- 
schappen te Amsterdam, Sci. Sec., Pr., vol. 12 (1909) p. 141. 
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from any land. Because of their great thickness and the slow deposition 
of the red ooze, they must represent a very long period of time. 

On the other hand, Davis,?’ who has studied the Franciscan cherts of 
California, which are of about the same age, believes that radiolarian 
cherts are not derived from radiolarian oozes, that radiolarian oozes are 
not likely to be changed into cherts, and feels certain that the Franciscan 
cherts are not the equivalents of radiolarian oozes or of oozes of diatoms 
mixed with Radiolaria. He states that “One is forced to the conclusion 
that a considerable part of the silica of the cherts has some other source 
than the skeletons of Radiolaria, probably being inorganic, while the 
Radiolaria are simply incidental fossils caught in a deposit of silica 
which was gelatinous at the time of their inclusion.” The source of the 
large quantities of gelatinous silica is seen in volcanic activity. 


RELATION OF CHERT RADIOLARIANS TO PRESENT-DAY DEEP-SEA FORMS 


In view of such contradictory views on the origin of the radiolarian 
cherts, as that of general distribution by Molengraaff and that of strati- 
graphic relation and petrographic character by Davis, it is well to ap- 
proach the subject from another angle, viz., that of paleontologic evidence. 
It seems possible to obtain evidence on the relative depths of deposition 
of the “radiolarian chert” by analyzing the relation of the radiolarian 
genera to those of present-day deep-sea forms. 

The evidence from this source, also, is only of relative value and is 
likely to meet with objections. One is that deep-sea dredgings, especially 
those of the earlier investigations, notably the Challenger expedition, 
were not made with modern nets and trawls, and are not reliable, there- 
fore, as to the depth ranges recorded of the radiolarian genera. A closer 
examination of the reports of Sir John Murray and Johan Hjort, Carl 
Chun, and E. Haeckel, of more recent expeditions, as well as of their 
methods, shows that the use of modern trawls, such as the Sigsbee or the 
Monaco, does not guarantee more accurate results as far as the radio- 
larians are concerned, the improvements having been largely in the 
direction of catching larger animals and from more restricted vertical 
ranges. As Chun reports, the wealth of radiolarians in the deep sea, 
in contrast to the scarcity of Foraminifera, is surprising.** Considering 
the wide range assigned to them, the Challenger data are still to be con- 
sidered accurate, especially as to the upper limiis, for the vertical closing 
nets catch nothing on their way down, and the appliances for capturing 
animals at the bottom have undergone only slight alteration. 

It may be emphasized that, in drawing conclusions as to the depths of 
deposition from radiolarians, the upper limit of the range of the genus 


27 EB. F. Davis: op. cit., p. 368, 376. 
28 Carl Chun: Aus den Tiefen des Weltmeeres. Schildermgen von der deutschen Tiefsee-Expedition 


(Valdivia) (1905) p. 544. Jena. 
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is considered as decisive, the lower limits being somewhat less certain, 
owing to the fact that many of the records are obtained from bottom 
dredging, but the Challenger report gives, for the most part, only the 
upper limits at which the genera were dredged, and, presumably, they 
could not have lived above that level, and not be preserved there. 

Another objection made to any suggestion of abyssal life in Paleozoic 
time is that recent abyssal faunas are only suggestive of late Cretaceous 
age and that, before that time, the deep sea was not inhabited. 

Against this view, Schmidt *® has lately argued that up to the glacial 
period there must have existed entirely different conditions in the abyssal 
depths and that a circulation there was not established until glacial time, 
when cold oxygenated water from the poles flowed into these depths. 
He concludes, therefore, that the abyssal faunas are younger, rather than 
older, than those of the littoral seas. 

As it is generally recognized that abyssal life today is possible only 
through the circulation coming from the cold polar waters, the belief 
that there were no abyssal faunas before late Mesozoic time, is open to 
serious doubt. It follows, as a corollary from Schmidt’s conclusion, that, 
if the last glacial periods produced abyssal circulation and there was 
none in the warmer periods, the preceding glacial periods, especially the 
greatest of all—that in Permian time—as well as the pre-Cambrian, 
Cambrian, Ordovician, Devonian, and Cretaceous periods, glacial or 
near-glacial, must have produced vertical circulation, brought oxygen 
to abyssal depths, and driven faunas there. It is, then, more than prob- 
able that the settlement of the abyssal depths took place from earliest 
times, whenever the water became breathable, and pelagic forms, such 
as the Radiolaria, may easily have survived at such periods, when the 
bottom faunas succumbed in stagnant water, by finding in one ocean, 
or another, their proper level still provided with sufficient oxygen by 
local glaciations in the adjoining continents. 

Finally, it might be argued that abyssal depths did not exist in Paleo- 
zoic time, for there is a school of thought, which holds that belief. It will 
be necessary for those who disclaim the presence of abyssal depths in 
earlier times to explain where the sea could have withdrawn in Lipalian 
time, when the continents became much more widely exposed than now 
and the oceanic water was only a tenth less than now.*° The writers 
conclude that abyssal depths existed from earliest time and were re- 
peatedly populated from littoral seas. 

In this connection, it should also be remembered that radiolarians ** 


2 Hermann Schmidt: Die bionomische Einteilung der fossilen Meeresbéden, Fortschr. d. Geol. 
und Pal., Bd. 12, H. 38 (1935) p. 146. 

*® Charles Schuchert: A tertbook of geology, pt. II, Historical Geology (1924) p. 181. 

%1 Brehms Tierleben: Bd. 1 (1922) p. 36. Leipzig. 
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today are strictly pelagic and, presumably, always were so. There are 
no radiolarians in the North or Baltic seas, and they are rare even in the 
Mediterranean; most of them live today in the deep sea. The radiolarian 
ooze, which is found from depths of 9000 feet to 24000 feet, (3000-8000 
meters) and which is composed to 80 per cent of radiolarians, is, there- 
fore not made up of forms dropped from high levels and shallow water. 

The cherts of the slate belt of eastern New York contain radiolarians 
at many localities and in various modes of distribution. Of 51 slides 
of chert, 27 contained Radiolaria. Radiolarians are widely scattered in 
some cherts, in thin bands in others, and form the entire rock in still 
others. In one case, a worm-tube, in chert of Deepkill age, was found 
to be filled with radiolarians. In attempting to form an opinion on the 
probable depth of deposition of the respective chert samples from the 
biotic range of the living radiolarians, one must rely largely on the 
generic determination. 

It is apparent from the reports of the Challenger expedition and 
Walther’s Einleitung in die Geologie that Radiolaria normally live only 
in warm, essentially tropical waters, but are carried out of their habitat 
by ocean currents, such as the Gulf Stream; that they live only in 
the open ocean, avoiding the nearness of the coast, but are carried into 
shore waters by strong currents and by pelagic animals, notably fishes, 
crustaceans, and mollusks, and may, therefore, be found sporadically, 
or even locally, in greater abundance in littoral deposits, especially in 
coprolites, far from their former habitat. Scattered radiolarians are, 
therefore, of no geological significance. It is different, however, where 
they are more evenly distributed or are found in profusion through con- 
siderable thicknesses of rock. As a rule, the abundance of Radiolaria 
increases steadily with the depth of deposition. This is clearly brought 
out by the following table,°? where the letter A means very many, and 
E, very few, radiolarian skeletons. 


No. or DEPTH IN IN RELATIVE 

STATION FATHOMS METERS ABUNDANCE 
162 38 69 E 
304 45 82 E 
151 75 137 D 
201 82 150 Cc 
200 250 456 B 
214 500 914 Cc 
220 1100 2011 Cc 
216 2000 3657 B 
241 2300 4206 A 
249 3000 5486 B 
225 4475 8183 A 


2 After Challenger-Report, by Walther, p. 233. 
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The great abundance of radiolarian skeletons, as contrasted with the 
scarcity of those of Foraminifera and of other organisms, is, in part, 
explained by the slow accumulation of the red ooze and the survival of 
the siliceous radiolarian skeletons where others are dissolved, but, as 
already noted, the reports of the earlier Challenger, as well as of the 
later Valdivia (Chun) and Seboga expeditions, emphasize the presence 
of a rich radiolarian fauna at great depths. It is, therefore, proper to 
suspect that those chert beds that contain radiolarians in great pro- 
fusion, such as the red cherts from Fly Summit, may have been deposited 
at great depth, but it is possible, also, that such deposition may have 
been in littoral seas, under conditions such as are inferred by Davis. 

In this dilemma, the radiolarian genera may give a clue to the depth 
of deposition, if any are found that are identical with recent genera that 
are restricted to greater depths. 

In this connection, it should first be emphasized that the identification 
of fossil, even Paleozoic genera, is not a new undertaking, for preceding 
writers have endeavored to identify the genera with recent ones. The 
present writers are well aware that there are many paleontologists who 
hold that there are no persistent, or even “immortal,” genera, such as 
Ruedemann ** has claimed, which have remained unchanged through the 
eons, and that new names are likely to be tacked on everything, species 
or genus, that passes from one period to another, whether distinctive 
characters are recognizable or not. It is legitimate, as Hinde, Riist, and 
others have already done, to consider the radiolarians, because of their 
pelagic habitat, which offers the most-constant living conditions in the 
world, as essentially persistent, or even immortal. 

In the cases where common genera of the chert have been found to be 
identical with recent genera, the writers have felt justified in believing 
that the depth of habitat of recent genera is that of the fossil form, for 
living genera have definite depths to which they are restricted, and above 
that depth, it would be abnormal to find them in deposits. This conclusion 
rests, as before set forth, on the great age of the class, its persistence in 
character, and the implication of little change in the planktonic life of 
these primitive forms, and the permanence of oceanic conditions. Thus, 
of the four genera that in Hinde’s list of Ordovician Radiolaria are 
identical with recent genera, Haliomma is found today in the North 
Atlantic, between 1800 and 2965 fathoms depth, Sphaerozowm in the 
Mediterranean, between the surface and 3900 fathoms depth, Spongo- 
plegma in the Antarctic at 1950 fathoms depth, and Staurodoras at the 
surface of the sea. When one considers that the forms living at the surface 
sink normally to any depth, but that those living at great depth reach 


33 Rudolf Ruedemann: The paleontology of arrested evolution, N. Y. State Mus., Bull. 196 
(1917) p. 105-134. 
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higher levels only under abnormal conditions, it is obvious that the forms 
living in the greatest depths give the most important clues to the depth of 
deposition, and the cherts from which Hinde obtained his Haliomma 
species were probably deposited at depths of several thousand feet. 

In the same way, one obtains some information concerning the depths 
of deposition, from the material, by listing the genera with their recent 
depth ranges, as follows: 


NUMBER OF SPECIES DeEptTH RANGE (FATHOMS) 
GENUS NEw YORK CHERT (after HABCKEL) 

Sphaerozoum 1 Surface 

Cenosphaera 2 (4) surface, (1) various depths, (1) 2250, (1) 
surface and 2900. 

Choenicosphaera 1 (1) surface, (1) 2600. 

Siphonosphaera 1 (10) surface, (1) 2200, (1) 2450, (1) 2900. 

Xiphosphaera 3 (1) surface, (1) 1900, (1) 2250, (1) 2425-2750 
(1) 2600, (1) 2750, (1) 2400, 2900. 

Staurosphaera 2 (1) 2300, (1) 2425, (1) 2650, (1) 2900, (1) 2965. 

Stylostaurus 1 (1) 2425, (1) 2750. 

Acanthosphaera 3 (8) surface, (1) 2350, 2925, (1) 2425, (1) 2650, 
(2) 2900, (1) 4475. 

Heliosphaera 4 (4) surface, (1) 2350-2750, (1) 2375, (1) 2600, 


(1) 2900, (1) 4475. 


Haliomma 4 (20) surface, (1) 1900, (1) 2000, (2) 2200, (2) 
2424, (1) 2425, 2925, (3) 2900, (1) 2965. 

Dorydictyum 2 fossil only 
Doryplegma 3 fossil only 
Triposphaera 1 fossil only 

’ Druppula 1 (6) surface, (1) 2700-2900, (1) 2900, (1) 4475. 
Spongoprunum 1 (1) surface, (1) 2900, (1) 4475. 
Spongotrochus 1 (4) surface, (1) 1950. 
Sethocapsa 1 (1) 2350-3000, (1) 2900, (1) 2925. 
Lithocampe 1 (1) surface, (3) various, (13) 1425-4475. 
Halicalyptra 2 (1) 2450, (1) 2600, (1) 2700-2900, (1) 2900. 


The Deepkill chert contains species of Cenosphaera, Acanthosphaera, 
Xiphosphaera, Heliosphaera, Haliomma, Dorydictyum, Doryplegma, and 
Spongotrochus. Comparison of these with the table of recent depth 
ranges shows that they comprise genera ranging from the surface to 
depths of 4475 fathoms, but none of the genera is restricted to depths of 
2000 fathoms or more. It may be in line with this observation that the 
Deepkill chert is usually associated with thin siliceous limestone bands, 
indicating depths less than abyssal. On the other hand, the red Nor- 
manskill chert of Fly Summit, which contains the greatest number of 
Radiolaria (16 species and 14 genera) also has furnished the two species 
of Staurosphaera, a genus that today is not found above 2300 fathoms, 
one of Lithocampe, and two of Halicalyptra. Today, only one species 
of Lithocampe is found near the surface, three at various depths, and 
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thirteen from 1425 fathoms to 4475 fathoms. Halicalyptra is today 
known only below 2450 fathoms (four species). The green chert of 
Glasco contains species of Stylostaurus, a genus that today is not recorded 
from depths above 2400 fathoms. There is, therefore, a marked element 
of abyssal forms. The radiolarite has afforded only a small number of 
genera (three genera and four species): Acanthosphaera, Heliosphaera, 
and Dorydictyum. The species of Acanthosphaera and Heliosphaera 
range from the surface to depths of 4475 fathoms. The last-mentioned 
genera do not, therefore, give any direct evidence. 

If the depth-range of the radiolarian genera, here presented, holds good 
for the Paleozoic genera, with the qualifications before set forth, it is 
possible to conclude that some of the chert—notably, the red chert filled 
with radiolarians—may well be derived from radiolarian ooze and, thus, 
be true radiolarite. Such rock was found best developed a mile west 
of Ghent, where the beds reach a thickness of over 100 feet, barring repe- 
tition of beds in a possible closed syncline, which, if present, would 
reduce the thickness by half, and at Fly Summit, Washington County. 

The objection has been raised that the radiolarites often contain too 
much terrigenous material to be of abyssal origin, that their stratigraphic 
connections are with littoral deposits and that, above all, they lack the 
volcanic material, so common in present abyssal deposits. In the case of 
the radiolarite from these chert beds, it is obvious that, in its composition 
of radiolarians and a red-clay matrix, still preserved in thin shale bands, 
it is identical with the radiolarian ooze. It does not contain any clastic 
material, visible under the microscope. No volcanic material was seen, 
but, in rocks of this great age, finely divided volcanic material, especially 
such unstable rocks as volcanic glass, will be mostly changed to clay, 
as is proven by the condition of the bentonite of about the same Ordo- 
vician age, which, although originally a volcanic ash with abundant glass, 
is now altered to clay. On the other hand, the writers are convinced that 
the great total thickness of the cherts in the Ordovician rocks of the 
slate belt indicates the presence of volcanic activity, close enough to 
supply the sea water with the abnormally abundant silica required for 
the deposition of the cherts, unless rivers reaching the geosyncline bore 
sufficient amounts of silica to form the chert from gel. The great thick- 
ness of the chert beds, together with their wide distribution, prove that 
the process of chert deposition was long persistent over a wide area, 
conditions which, the writers believe, could be found only at the bottom 
of a deep ocean. To this may be added the fact that the extremely 
thin microscopic banding within the chert beds is reconcilable only with 
quiet water and slow deposition, conditions found only at great depths. 
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Conceding then, that, in the radiolarite of the chert under discussion, 
there is Paleozoic radiolarian ooze, the writers are forced to the conclu- 
sion that these beds were formed at depths of no less than 2000 fathoms, 
or at least at depths of 12,000 feet, for these are the depths at which 
radiolarian ooze is found today. Geologists, believing in the gigantic 
nature of the tectonic movements that have taken place, should have no 
objection to a theory that places the bottoms of geosynclines at abyssal 
depths. Although recognizing that the arguments in favor of the deep- 
sea nature of the alpine radiolarian cherts are not compelling, Bucher ** 
considers them sufficiently impressive to call attention to the vertical 
crustal movements, which such an interpretation demands. In the central 
Alps today, radiolarian cherts lie more than 10,000 feet above sea level. 
If they originally formed at a depth of no less than 13,000 feet below 
sea level, as Suess thought, then the former bottom of the Tethys must 
have been raised more than four miles.*® 


SUMMARY 


Chert of the eastern New York shale belt is found to be of Beekman- 
town Deepkill age as well as of Chazy-Black River Normanskill age. 

The presence of small amounts of clastic material in the chert, the 
occurrence of the chert only with pure graptolite shales, the presence of 
fossil radiolarian genera, today characterized by deep-water habitat, and 
the presence of zones of radiolarite are considered indicative of a deep-sea 
origin of some of the chert. Radiolarian ooze, today found only at depths 
of 12,000 feet, or greater, is held to be represented by the Ghent radio- 
larite. The bottom of the Appalachian geosyncline is considered to be 
at abyssal depth, with corresponding magnitude of Appalachian tectonic 
movements. A radiolarian fauna, consisting of 19 genera and 30 species, 
is described. 

APPENDIX 


DESCRIPTION OF RADIOLARIA FROM THE ORDOVICIAN CHERT OF EASTERN 
NEW YORK 


This is not the place, nor is it the intention of the writers, to furnish 
more than brief descriptions, with figures, of the forms found in the 
Deepkill and the Normanskill cherts. These descriptions are not to be 
considered as exhaustive, nor even as adequately covering these faunas. 
However, as no descriptions of American Paleozoic Radiolaria have thus 


3% W. H. Bucher: Deformation of the earth’s crust (1933) p. 4. Princeton. 

% The one authentic case of fossil radiolarian ooze, generally accepted, on Barbados Island, 
indicates that, in the West Indian geosyncline, rapid large-scale descents to abyssal depths took 
place repeatedly (Charles Schuchert: Historical geology of the Antillean-Caribbean region (1935) 
p. 714. New York.) 
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far been published, it seems worthwhile to publish even the scanty mate- 
rial at the writers’ disposal. It would be a proper task for one of the 
young micropaleontologists to undertake a systematic study of Paleozoic 
and later radiolarian faunas.*® 

The forms of the class Radiolaria of the phylum Protozoa here de- 
scribed belong almost exclusively to the sub-legion Spumellaria Haeckel 
(= Peripylea Hertwig) ; a few may also be referred to the Nassellaria. 
The Spumellaria are a sub-legion of the legion Porulosa (Holotrypasta, 
according to Haeckel’s classification). The Porulosa comprise homaxonic 
forms with a central sphaerical capsule and numerous minute, scattered 
pores,*” and the Spumellaria, that suborder in which the pores are evenly 
scattered and the skeleton consists of solid siliceous spicules or is con- 
tinuous and reticulate or latticed, rarely absent. 

The Nassellaria are another sub-legion of the legion Porulosa (Mono- 
trypasta). These are monaxonic, and the pores of the central capsule 
are limited to the basal area (osculum), sometimes accompanied by two 
(or more) smaller oscula at the apical pole. In the sub-order Nassellaria, 
the central capsule is ovoid, of a single layer; the pores are numerous 
on the operculum, or basal field; the skeleton is siliceous, usually with a 
tripod or calthrop-shaped spicule, passing, by branching, into a complex 
ring or latticed bell-shaped shell.** 

Of the sub-legion Spumellaria, the orders Beloidea, Sphaeroidea, Pru- 
noidea, and Discoidea are represented in this material; the Beloidea, 
only by spicules, for their skeletons are spicular. The Sphaeroidea, with 
their spherical shells, comprise most of these forms. Some Prunoidea, 
with prolate sphaeroid or cylindric skeletons, are present, as well as some 
rare Nassellaria. Hinde had some doubtful Nassellaria, and Riist °° 
records only Spumellaria from the Paleozoic rocks. The Spumellaria 
exhibits only simple structures, in contrast with the amazing and bewil- 
dering variety of forms of the later Radiolaria, as shown by Haeckel. 
It is, therefore, natural that this primitive order should be the first to 
appear, even in the pre-Cambrian, and should prevail in the Paleozoic 
rocks. Although today some Spumellaria live at the surface, most of 
them are restricted to great depths; a perusal of the Challenger reports 
indicates that most are below 2000 fathoms, a significant fact in con- 
nection with the chert problem. 


36 Haeckel’s system is here followed, to avoid confusion. The writers are aware of later re-arrange- 
ments, but these do not affect the genera here under discussion, and Haeckel’s work is still the standard 
publication on Radiolaria. 

% Cambridge Natural History, vol. 1 (1909) p. 76. 

38 Ibid. 

% D. Riist: Beitrdége zur Kenntniss der fossilen Radiolarien aus Gesteinen der Trias und der palaeo- 
zoischen Schichten, Palaeontographica (1892) p. 38. 
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In the determination of the genera, the writers have followed, as closely 
as possible, the pioneer work of Hinde and Riist, especially as Haeckel’s 
limits of genera are “extremely narrow and precise,” as Hinde observes, 
so that, with the less perfect material at hand, it is, as a rule, quite 
impossible to reach a conclusive identification with one of Haeckel’s 
genera. Nevertheless, some of Haeckel’s genera, not before recorded 


as fossil, have been recognized. 
The following is a systematic table of the species of Radiolaria found: 


LxcGion ORDER FaMILy Genus Sprcrzes 
I. Spumellaria II. Beloidea 4. Sphaerozoida 13. Sphaerozoum minutum 
(Peripylea) III. Sphaeroidea 5. Liosphaerida 15. Cenospiaera tig 
pachyderma 
6. Collosphaerida 35. Choenicosphaera brevispina 
36. Siph ph a str pt iph: 
7. Stylosphaerida 45. Xiphosphaera parva 
brachyacantha 
macracantha 
8. Staurosphaerida 60. Staurosphaera sancta 
crassispina 
62. Stylostaurus hindet 
10. Astrosphaerida 88. Acanthosphaera minuta 
robusta 
perspinosa 
89, Heliosphaera venusta 
haeckeli 
risti 
micropora 
94, Haliomma antiquum 
penroset 
Doryd Y i tr 
magnum 
Doryplegma priscum 
armatum 
nuz 
Triposphaera i 
12. Druppulida 131. Druppula simplex 
IV. Prunoidea 13. Spongurida 147. Spongoprunum _ oligoporum 
V. Discoidea 23. Spongodiscida 259. Spongotrochus primaevus 
III. Nassellaria XIV. Cyrtoidea 60. Phaenocalpida 519. Halicalyptra similis 
ambulans 
64. Sethocyrtida 579. Sethocapsa pytine 
70. Lithocampida 650. Lithocampe (?) spinosa 
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Phylum PROTOZOA 
Class RADIOLARIA Miller 
Legion PORULOSA Haeckel 
Sub-legion SPUMELLARIA Ehrenberg 
Order BELOIDEA Haeckel (= POLYCYTTARIA Haeckel) 
Family SPHAEROZOIDEA 


Genus Sphaerozoum Meyen 
Sphaerozoum minutum nov. 
[Plate 5, figure 25] 


The order Beloidea and the genus Sphaerozoum is represented in the chert by free 
siliceous spicular bodies of extremely small size. The specimens here figured are 
four-rayed forms, with more or less acute terminations. The arms form right angles. 
They range in length from 0.0525 millimeter in the larger, to 0.0175 millimeter in 
the smaller, spicules and attain a width of 0.0075 millimeter. 

The genus Sphaerozoum is characterized by lack of a latticed test, its skeleton 
consisting only of free detached spicular bodies. According to Riist, the spicules 
have four rays, extending from a common center, at angles of 120 degrees. Gen- 
erally, however, no more than three rays are visible, and these, according to Hinde, 
appear to be nearly in a plane. The two spicules here figured distinctly show 
four rays or their bases. 

Riist ® figured spicules of Sphaerozoum from the Ordovician chert of Cabriéres 
and found it extremely abundant in the Devonian and Carboniferous cherts of the 
southern Urals. Hinde described, in S. priscum and patulum, Ordovician forms from 
the Llandeilo of Scotland. His wood-cut of S. patulum is like the present form, 
but has longer arms and is much larger.” 

Horizon and locality: Ordovician Normanskill chert. Fly Summit, Washington 
County, New York. New York State Museum, slide no. 58. 


Order SPHAEROIDEA Haeckel 
Family LIOSPHAERIDA Haeckel 


Genus Cenosphaera Ehrenberg 


Cenosphaera has, according to Hinde and Riist, a test that is a simple latticed 
sphere, without radial spines, with simple shell-pores and simple shell cavity. This 
primitive type has been found by Riist in many species in Jurassic coprolites and 
cherts (Swiss Tithonian “Hornsteine”). One species, C’. pachyderma, is widespread 
and common in Paleozoic radiolarian deposits as well as in many of those of Jurassic 
and Cretaceous age. Hinde and Fox“ record the same species from the Carbon- 


“D. Riist: Beitriige zur Kenntniss der fossilen Radiolarien aus Gesteinen der Trias und der palaeo- 
zoischen Schichien, Palaeontographica, vol. 38 (1892) p. 133, pl. 8, fig. 11. 

“1G. J. Hinde: Radiolaria from the lower Paleozoic rocks (Llandeilo-Caradoc) of the south of 
Scotland, Ann. Mag. Nat. Hist., ser. 6 (July, 1890) p. 56, 57. 

“2G. J. Hinde and H. Fox: On a well-marked horizon of radiolarian rocks in the Lower Culm 
Measures of Devon, Cornwall, and West Somerset, Geol. Soc. London, Quart. Jour., vol. 2 (1895) 
p. 635. 
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iferous of Devonshire. Haeckel recognized five species among recent Radiolaria. 


Cenosphaera antiqua nov. 
[Plate 6, figures 33, 35] 


The name Cenosphaera antiqua is here proposed for radiolarian tests that show, 
as a simple distinctive feature, an entire absence of spines. Possibly, the spines 
are merely stripped off completely, especially as the shells were found in a worm-tube. 
In that case, they would be identical with Choenicosphaera multispinosa, from the 
same locality. The complete absence of spine-bases in the specimens does not, 
however, suggest the former presence of spines, especially as many other tests in 
the same locality retain their delicate spines. At any rate, it is very probable that 
this primitive genus was present, and the great age of the fossils entitle them to 
recognition. They come from the Lower Ordovician Deepkill shale at the south 
end of Mount Merino, Columbia County, New York. Owing to the great difference 
in size, it is possible that several species are embraced under the name. New York 
State Museum, slide no. 27. 

The largest specimen (a) measures 0.29 millimeter by 0.25 millimeter in diameter; 
the next largest, (b), 0.175 millimeter by 0.16 millimeter; the smallest, (c), only 
0.035 millimeter by 0.04 millimeter. 

The opaque cryptocrystalline character of the chert forming the fossil, which is 
white in a darker matrix, prevents the recognition of the details of structure. 


Cenosphaera pachyderma Riist 
[Plate 5, figures 33-35] 


Cenosphaera pachyderma Riist. Palaeontographica, 31 (1885) p. 286, pl. X XVII, 
figs. 2, 3. 

Cenosphaera pachyderma Hinde and Fox. Geol. Soc. London, Quart. Jour., vol. 2 
(1895) p. 635. 

Original description (translated): Round latticed sphere with very thick shell. 
The round pores placed in 6-7 rows of 6-7 pores each. Diameter of sphere 0.076 
to 0.103 millimeter. Thickness of shell, 0.017 millimeter. Diameter of pores, 9.003 
millimeter. Width of intervals, 0.004-0.008 millimeter. Hinde records for the Car- 
boniferous specimens a diameter of 0.165 millimeter, a thickness of 0.015 millimeter, 
and a width of apertures in the test of 0.015 millimeter. 

The material here described is so preserved that the pores of the thick shell in 
sections give the appearance of broken-off spines. Their conjunction, however, as 
in Figure 33, leaves no doubt of their character as portions of the thick shell. 
There are no traces of spines. The pores are somewhat irregular in outline. The 
size of the specimens ranges from 0.075 millimeter to 0.1225 millimeter and that 
of the pores from 0.005 to 0.015 millimeter (the latter are mostly severed, united by 
accidents of preservation; the average is 0.005 millimeter). 

Horizon and locality: Ordovician Normanskill chert, Fly Summit, Washington 
County, New York (slide no.58). Glasco,Greene County, New York (slide no. 37). 


Family STYLOSPHAERIDA Haeckel 


Genus Choenicosphaera Haeckel 


Haeckel defined this genus as follows: “Collosphaerida with simple shells, armed 
on the outside with radial spines, forming elegant coronals around the larger pores.” * 


48. Haeckel: Report on the Radiolaria collected by H. M. 8. “‘Challenger,”” Challenger Reports, 
vol. 18 (1887) p. 102. 
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This genus is characterized by the bundles (coronals) of equal spines around the 
larger pores. These bundles are distinctly shown in at least one of these species. 


Choenicosphaera multispinosa nov. 
[Plate 6, figure 12] 


Description: Cortical shell of unknown thickness, of medium size (diameter of 
holotype, 0.165 millimeter). Spines numerous, slender and sharp (0.03 millimeter 
long and 0.005 millimeter wide at base). Pores not observed. 

Horizon and locality: Lower Ordovician Deepkill chert, south end of Mount 
Merino, Columbia County, New York. New York State Museum, slide no. 27. 

Remarks: The occurrence of this species in the Deepkill chert proves the appear- 
ance of Choenicosphaera in the earliest Ordovician time. The specimen here figured 
shows distinctly the development of a group of coronals. Larger spines seem to have 
been lacking. 


Choenicosphaera brevispina nov. 
[Plate 6, figure 34] 


Description: Cortical shell of unknown thickness, large (diameter of holotype, 
0.175 millimeter; of paratype, 0.205 millimeter by 0.22 millimeter) ; spines numerous, 
of variable thickness, some broad and blunt (0.025 millimeter long, 0.02 millimeter 
wide at base), others slender and sharp (0.04 millimeter long and 0.0075 millimeter 
wide at base). Pores small (0.0125 millimeter). 

Horizon and locality: Ordovician Normanskill chert. Glenmont, Albany County, 
New York. New York State Museum, slide no. 1. 

Remarks: This species is extremely similar in size, general character, and size 
of spines to the recent C. nassiterna Haeckel, found at a depth of 2050 fathoms near 
the Philippine Islands. 


Genus Siphonosphaera J. Miiller 
Subgenus Merosiphonia Haeckel 


Diagnosis: “Collosphaeridae with simple shells, the pores of which are prolonged 
into external simple radial tubuli with solid wall; outer mouth of the tubuli trun- 
cated, smooth. 

“Subgenus Merosiphonia: Only part of the shell apertures prolonged in tubules, 
the others simple. 

“No fossil forms of this genus are known to me.” “ 


Siphonosphaera (Merosiphonia) streptosiphonia nov. 
[Plate 6, figures 28, 37] 


Description: Shell sub-spherical, of medium size, diameters 0.15 millimeter and 
0.175 millimeter. Tubules irregularly bent and curved, about 0.10 millimeter long 
and 0.015 millimeter wide. Pores 0.015 millimeter to 0.02 millimeter wide. 

Horizon and locality: Ordovician red Normanskill chert, Fly Summit, Washing- 
ton County, New York. New York State Museum, slide no. 58. 

Remarks: This species is readily distinguished from its recent congeners by the 
curved and bent tubules, except S. serpula Haeckel, which has still more contorted 
tubules and smaller pores. 


“Op. cit., p. 104. 
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Family STYLOSPHAERIDA Haeckel 
Genus Xiphosphaera Haeckel 


Hinde gives the following brief description of the genus: “The test is a simple 
latticed sphere with two similar free rays or spines, one from each pole.” “ 


Xiphosphaera parva nov. 
[Plate 6, figure 22] 


Description: Cortical sphere small (diameter, 0.025 millimeter); two short acute 
opposite spines, 0.01 millimeter long. No secondary spines. Thickness of cortical 
test and pores unknown. 

Horizon and locality: Lower Ordovician Deepkill chert at south end of Mount 
Merino, Columbia County, New York. New York State Museum, slide no. 27. 

Remarks: This incompletely known, minute radiolarian test is of interest mainly 
because of its age, the genus Xiphosphaera having before been traced back only to 
the Devonian.” 


Xiphosphaera brachyacantha nov. 
[Plate 6, figure 20] 


Description: Cortical shell of medium size (diameter, 0.17 millimeter), fairly thick 
(0.03 millimeter). No medullar shell seen. Polar spines short, conical (0.00775 milli- 
meter long) and thick (0.02 millimeter at base) with blunt extremities. Secondary 
spines small or hardly projecting. Pores not seen. 

Horizon and locality: Ordovician red Normanskill chert, Fly Summit, Washing- 
ton County, New York. New York State Museum, slide no. 58. 


Xiphosphaera macracantha nov. 
[Plate 6, figures 14, 21, 32] 


Description: Cortical shell of medium size (diameter, 0.125 millimeter) of unknown 
thickness. Polar spines extremely long and slender (0.2+ millimeter, 0.0125 milli- 
meter wide). Secondary spines, 0.005 millimeter wide, short. Pores irregularly dis- 
tributed, of variable size, ranging from 0.0125 millimeter to 0.035 millimeter. 

Horizon and locality: Ordovician red Normanskill chert, Fly Summit, Washing- 
ton County, New York. New York State Museum, slide no. 58. 

Remarks: This species is readily recognized and distinguished from its congeners 
by its long slender polar spines and large pores. 


Family STAUROSPHAERIDA Haeckel 


Genus Staurosphaera Haeckel 


Diagnosis: Staurosphaerida with a single lattice-sphere and four crossed equal 
spines.” 


«6G. J. Hinde and H. Fox: op. cit., p. 636. 

“@D. Riist: Beitriige zur Kenntniss der fossilen Radiolarien aus Gesteinen der Trias und der 
palaeozoischen Schichten, Palaeontographica, vol. 38 (1892). 

47 Challenger Reports, pt. 1 (1887) p. 152. 
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Staurosphaera sancta nov. 
[Plate 6, figure 31] 


Description: Shell subquadrangular with rounded sides, of medium size; diameter, 
0.115 millimeter. Spines short, conical, 0.065 millimeter long; basal width, 0.035 
millimeter. Pores small, ranging from 0.005 millimeter to 0.0125 millimeter, most 
of them of the smaller size. 

Horizon and locality: Ordovician red Normanskill chert, Fly Summit, Washington 
County, New York. New York State Museum, slide no. 58. 

Remarks: The occurrence of Staurosphaera in the red chert of Fly Summit is of 
interest especially because its many recent congeners all occur below 2000 fathoms, 
most of them at depths of 2900 fathoms. 


Staurosphaera crassispina nov. 
[Plate 6, figure 29] 


Description: Shell subquadrangular in section in plane with four radial spines. 
Diameter, 0.105 millimeter (longest axis) and 0.065 millimeter (shortest axis) ; spines 
thick and blunt, of extreme size in comparison to small body; length, 0.125 milli- 
meter; width, 0.02 millimeter. Pores of variable size, 0.010 millimeter to 0.015 milli- 
meter in diameter. 

Horizon and locality: Ordovician red Normanskill chert at Fly Summit, Wash- 
ington County, New York. New York State Museum, slide no. 58. 

Remarks: This species is readily distinguished from its congeners by its thick 
radial spines. 


Genus Stylostaurus Haeckel 


Definition: Staurosphaerida with one single lattice-sphere and four crossed spines, 
one of which is much larger than the other three.” 

The diagnostic character of this genus is the extraordinary development of one 
of the four spines. The spines of Stylostaurus are three-sided pyramidal or pris- 
matic. In this form, only one of the spines shows this character, for which reason 
the species probably constitutes a subgenus. 

The two species of Stylostaurus described by Haeckel were found at depths of 
2750 fathoms and 2425 fathoms, respectively, in the central Pacific. 


Stylostaurus hindei nov. 
[Plate 6, figure 15] 


Description: Cortical shell sub-oviform, small, the diameters 0.125 millimeter by 
0.080 millimeter; the principal spine three-sided pyramidal, measuring 0.095 milli- 
meter in length, 0.02 millimeter wide at base. The opposite spine and one of the 
lateral are larger than the second lateral; they measure 0.055+ millimeter in length 
and 0.0075 millimeter in width; the smallest is sharply pointed, 0.03 millimeter long 
and 0.005 millimeter wide at base. The pores are fairly large, 0.0075 millimeter in 
diameter. 

Horizon and locality: Ordovician Normanskill chert at Glasco, Ulster County, New 
York. New York State Museum, slide no 37. 

Remarks: The early appearance of this deep-sea radiolarian is of considerable 
interest. 


4 E. Haeckel: op. cit., p. 157. 
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Family ASTROSPHAERIDA Haeckel 
Genus Acanthosphaera Ehrenberg 


Hinde diagnosed this genus as follows: 

“Astrosphaeridae with one simple lattice sphere, covered with simple radial spines 
of the same kind.” “ 

Hinde describes species of this still-existing genus, from the Ordovician of South 
Scotland, and Riist, from the Ordovician of Cabriéres in France and the Carbon- 
iferous of the Harz Mountains. 


Acanthosphaera minuta nov. 
[Plate 6, figures 13, 16] 


Description: Cortical shell small, 0.03 millimeter in diameter, with single equal 
conical spines, 0.015 millimeter in length and only 0.005 millimeter wide at the base. 
Pores not seen. 

Horizon and locality: Ordovician Deepkill chert, south end of Mount Merino. 
New York State Museum, slide no. 27. 

Remarks: A. minuta is at once distinguished from all congeners by its small size. 
The length of the spines in proportion to the diameter of the shell is similar to 
A. entactinia Riist, from the Carboniferous of the Harz Mountains. The latter is, 
however, a much larger form. 


Acanthosphaera robusta nov. 
[Plate 6, figure 5] 


Description: Cortical test with massive framework and bearing equally thick 
spines of unknown length. Diameter of shell, 0.20 millimeter; width of spines at 
base, 0.043 millimeter; diameter of pores, 0.038 millimeter. 

Horizon and locality: Holotype from radiolarite a mile west of Ghent, Columbia 
County, New York. New York State Museum, slide no. 50. 

Remarks: This form is at once recognized, and is also distinguished from its 
congeners, by its massive spines. 


Acanthosphaera perspinosa nov. 
[Plate 6, figure 30] 


Description: Cortical shell of medium size; diameter, 0.1775 millimeter. Spines 
densely crowded, long, slender, cylindrical, 0.115+ millimeter long, mostly 0.005 
millimeter wide at base, some 0.015 millimeter. 

Horizon and locality: Ordovician Normanskill chert, Glenmont, Albany County, 
New York. New York State Museum, slide no. 1. 

Remarks: A. perspinosa is easily recognized by its crowded, long, slender spines, 
by which it is disinguished from both fossil and recent congeners. 


Genus Heliosphaera Haeckel 


Riist’s diagnosis is: Shell a simple latticed sphere with simple larger principal 
and smaller secondary spines. 


49 E. Haeckel: Radiolaria, Challenger Rept., pt. 1, vol. 18 (1887) p. 209. 
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Heliosphaera venusta nov. 
[Plate 5, figure 24] 


Description: Simple cortical shell large; diameter of holotype, 0.250 millimeter 
by 0.0225 millimeter. Spines elongate conical, of different sizes; the basal width 
of the largest, 0.03 millimeter and of the thin ones, 0.075 millimeter; length varying 
from 0.015 to unknown sizes. Pores not observed. 

Horizon and locality: Deepkill chert at south end of Mount Merino, Columbia 
County, New York. New York State Museum, slide no. 27. 

Remarks: It is possible that this is the prevailing form of the Deepkill radiolarian 
fauna and that some of the others here described are due to poor preservation. 
All the tests at the Mount Merino locality retain the outline only, and are com- 
pletely reduced to white opaque chert spheres. 


Heliosphaera haeckeli nov. 
[Plate 5, figures 6, 27, 28] 


Description: Simple cortical shell large; diameter of holotype, 0.260 millimeter. 
Large spines long conical, length 0.1275+ millimeter; basal width, 0.025 millimeter; 
secondary spines, 0.030 millimeter. Pores, 0.020 millimeter to 0.035 millimeter in 
diameter. 

Horizon and locality: Ordovician Normanskill chert. Radiolarite, a mile west 
of Ghent, Columbia County, New York. New York State Museum, slide no. 50. 
Fly Summit, Washington County, New York. New York State Museum, slide 
no. 58. 

Remarks: This is the principal form in the radiolarite at Ghent. It is remarkable 
for its size and its large spines. 


Heliosphaera riisti nov. 
[Plate 5, figures 13-15, 31] 


Description: Similar to H. haeckeli, but smaller and with correspondingly smaller 
spines, but equally large pores. Diameter of holotype, 0.148 millimeter; length of 
larger spines, 0.09+ millimeter; basal width, 0.0125 millimeter; length of secondary 
spines, 0.025 millimeter; basal width, 0.005 millimeter. Pores, 0.015-0.025 millimeter ; 
in the paratypes the pores range from 0.005 millimeter to 0.020 millimeter; with most 
of them of the smaller size. 

Horizon and locality: Ordovician red Normanskill chert, Fly Summit, Washington 
County, New York. New York State Museum, Slide no. 58. Half a mile south of 
Victory Mills, Saratoga County, New York. New York State Museum, slide no. 18. 
Radiolarite, half a mile west of Ghent, Columbia County, New York. New York 
State Museum, slide no. 50. 


Heliosphaera micropora nov. 
[Plate 5, figures 8, 19, 20, 30, 36] 


Description: Cortical shell of medium size, diameter ranging from 0.16 millimeter 
to 0.20 millimeter and averaging 0.17 millimeter; radial or primary spines thick 
tubular or even club-shaped, of unknown, but probably great length; basal width, 
0.018 millimeter, maintained or expanding to 0.023 millimeter; length, 0.175+ milli- 
meter; smaller spines short conical, 0.02 millimeter long and 0.013 millimeter wide 
at base. Pores generally irregular, suggesting a coarsely spongy test; where more 
regular (Fig. 19) small, subcircular, averaging 0.007 millimeter in diameter, but 
attaining a diameter of 0.02 millimeter. 
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Horizon and locality: Ordovician Normanskill chert breccia, a mile west of 
Ghent, Columbia County, New York. New York State Museum, slide no. 51. 
Remarks: This species, which has been observed only in the chert breccia near 
Ghent, is readily recognized by irregular or small pores and the somewhat expanding 
or tubular spines. 
Genus Haliomma Ehrenberg 


Hinde defines the genus as follows, after Haeckel: 

“Astrosphaerida with one medullary (intracapsular) and one cortical (extracap- 
sular) shell, which are connected by radial beams piercing the central capsule. 
Shell surface covered with simple radial spines of the same kind.” ™ 

Haliomma was known to Hinde from the Ordovician of Scotland, to Riist from 
Devonian, Carboniferous, and Cretaceous rocks. It is still common in the ocean. 
The writers had two species. 


Haliomma antiquum nov. 
[Plate 5, figures 4, 26] 


Description: Small thin cortical shells, with diameters of 0.033 millimeter to 
0.043 millimeter; medullary shells have diameters from 0.020 millimeter to 0.023 
millimeter. The spines are short, strong, proceeding from the medullary test, 
about 0.025 millimeter long and 0.005 wide at base. No pores seen. 

Horizon and locality: Ordovician Deepkill shale, south end of Mount Merino, 
Columbia County, New York. New York State Museum, slide no. 27. 

Remarks: This small and very ancient representative of a recent genus is at 
once distinguished by its small size and relatively large, distinct medullary shell. 


Haliomma penrosei nov. 
[Plate 5, figures 29, 32; Plate 6, figure 10] 


Description: Cortical shell thin, of medium size, diameter of holotype, 0.205 milli- 
meter; of paratypes, 0.175 millimeter and 0.140 millimeter. Medullary shell large, 
0.11 millimeter in diameter. Spines long (0.215 millimeter), subtubular; basal width, 
0.015 millimeter. Pores variable, ranging from 0.01 millimeter to 0.03 millimeter 
in size, mostly of the smaller size. 

Horizon and locality: Ordovician red Normanskill chert at Fly Summit, Wash- 
ington County, New York. New York State Museum, slide no. 58. 

Remarks: This species is distinguished from its Ordovician congener, H. cornutum 
Hinde, by the greater number and greater length of its radial spines and its greater 
size; from the Carboniferous H. speciosum Riist, by its longer and more slender 
spines. 

Genus Dorydictyum Hinde 


Original description: Sphaeroidea with tests of irregularly reticulate or spongy 
framework and a simple radial spine, with or without secondary spines. The 
structure of the test corresponds to that of Styptosphaera Haeckel, and it differs 
from this genus by the addition of a radial spine. It is disinguished from Dory- 
plegma by the absence of a medullary test. 


50 Op. cit., p. 220. 


i 
| 
} 
a 
| 
| 


1574 RUEDEMANN AND WILSON—EASTERN NEW YORK ORDOVICIAN CHERTS 


Dorydictyum minutum nov. 
{Plate 5, figure 1] 


Description: Minute cortical shells with diameters of 0.020 millimeter to 0.035 
millimeter. Radial spine slender, acute, reaching a length of 0.030 millimeter and a 
basal width of 0.005 millimeter. No secondary spines. Pores not seen. 

Horizon and locality: Ordovician Deepkill chert, south end of Mount Merino, 
Columbia County, New York. New York State Museum, slide no. 27. 

Remarks: This minute radiolarian is well characterized by its single spine, but 
it fails to show any details, owing to the reduction of the body to opaque quartz. 
Its principal importance is its great age. 


Dorydictyum magnum nov. 
[Plate 5, figures 2, 3, 7, 10) 


Description: Cortical shells large (diameter of holotype, 0.23 millimeter; of 
paratypes, 0.165 millimeter) ; thin (0.015 millimeter). Radial spine thick (0.03 milli- 
meter), tubular, of unknown length (0.3+ millimeter). Secondary spines numerous, 
of variable length (0.025 millimeter to 0.10 millimeter), thin (0.01 millimeter). Pores 
irregularly distributed, ranging in size from 0.0375 millimeter to 0.01375 millimeter, 
the great majority averaging 0.02 millimeter. 

Horizon and locality: Ordovician Normanskill chert at Glenmont, Albany County, 
New York. New York State Museum, slide no. 1. Ghent radiolarite, Columbia 
County, New York. New York State Museum, slide no. 50. Fly Summit, Wash- 
ington County, New York. New York State Museum, slide no. 58. 

Remarks: This is one of the common, and also one of the largest, species of the 
chert. Possibly, several species are contained in the material figured, as there is 
a marked difference in size between forms, but the material is not sufficient for 
further division. 

Genus Doryplegma Hinde 


Hinde ™ defines the genus as follows: “Sphaeroidea with cortical shells of irregularly 
reticulate or spongy framework, inclosing a central medullary shell and with a 
single primary radial spine. Secondary or smaller spines occasionally present. The 
structure of the shell in this genus is the same as in Spongoplegma, Haeckel, but 
with the addition of a radial spine and sometimes of secondary spines. From Dory- 
sphaera it is distinguished by the different character of the framework and the 
presence of a medullary shell.” 

The cherts of the New York slate belt have furnished specimens of radiolarians 
that, with a fair degree of certainty, can be referred to this genus, especially if the 
single primary spine is emphasized as the principal criterion. 


Doryplegma priscum nov. 
[Plate 5, figure 5] 


Description: Cortical shell with a diameter of 0.075 millimeter, medullary shell 
about 0.04. Single radial spine conical (imperfect) 0.0425 millimeter long and 0.0075 
millimeter wide at base. No secondary spines. Size of pores not observed. 

Horizon and locality: Deepkill chert at south end of Mount Merino, Columbia 
County, New York. New York State Museum, slide no. 27. 


51G. J. Hinde: Radiolaria from the lower Paleozoic rocks (Llandeilo-Caradoc) of the south of 
Scotland, Ann. Mag. Nat. Hist., ser. 6 (July, 1890) p. 53. 
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Remarks: The entire shell of this minute radiolarian is recrystallized into a 
solid quartz ball, hiding the structure of the shell. The warrant for describing it 
is its occurrence in Deepkill shale and its correspondingly great age (lower Ordo- 
Vician). 

Doryplegma armatum nov. 
[Plate 5, figures 11, 12, 17, 18) 


Description: Radial spine conical, tapering, longer than the diameter of the 
sphere; secondary spines sparse, small, acute. Diameter of sphere, 0.2 millimeter; 
(holotype, 0.22 millimeter by 0.18 millimeter; paratype, 0.255 millimeter; average 
of paratypes, 0.20 millimeter); of medullary test, about 0.015 millimeter; thickness 
of cortical shell, 0.02 millimeter; length of radial spine, 0.32 millimeter; thickness 
at base, 0.02 millimeter; length of secondary spines, 0.015 millimeter to 0.02 milli- 
meter. Size of pores, 0.0175 millimeter. 

Horizon and locality: Ordovician red Normanskill chert at Fly Summit, Wash- 
ington County, New York. New York State Museum, slide no. 58. Normanskill 
chert, half a mile south of Victory Mills, Saratoga County, New York. New York 
State Museum, slide no. 18. 

Remarks: This large and well-preserved radiolarian is extremely close, in appear- 
ance and dimensions, to Doryplegma nasutum Hinde, from the Scottish Llandeilo 
rocks. It is, however, readily distinguished by the much longer and more acute 
radial spines. The specimen (Fig. 18), which is selected as holotype, shows well the 
radial and secondary spines. The large apparent pores in figures 11 and 12 are 
portions of the interspace between the cortical and the medullar shells and show 
some of the connecting bars between them. The holotype shows well the size of 
the pores, the medullary sphere only as a lighter shadow. 


Doryplegma nux nov. 
[Plate 5, figure 16] 


Description: Cortical wall thick (0.035 millimeter). Radial spine seen only at 
base, which is 0.0165 millimeter wide. No secondary spines. Diameter of cortical 
shell, which is somewhat distorted, 0.24 millimeter by 0.1875 millimeter, averaging 
0.21 millimeter. Pores, 0.02 millimeter wide. 

Horizon and locality: Ordovician Normanskill chert breccia, a mile west of Ghent, 
Columbia County, New York. New York State Museum, slide no. 51. 

Remarks: This species, although the measurements of its radial spine are not 
available for distinction, is disinguished from congeners by the thick cortical wall 
and the absence of the secondary spines. 


Genus Triposphaera Hinde 


Hinde’s diagnosis is: Sphaeroidea with an irregularly reticulate or spongy frame- 
work, a medullary shell, and three primary radial spines. Smaller secondary spines 
occasionally present. 

The writers have a number of specimens that suggest reference to Triposphaera 
or other genera with three prevalent spines. None is, however, conclusive, and, also, 
the form here described leaves doubt as to its proper taxonomic position. Its large 
size and peculiar character, however, deserve description. 
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Triposphaera (?) maxima nov. 
[Plate 3, figure 2; Plate 5, figure 21] 


Description: Cortical shell subquadrangular in outline, probably by partial dis- 
tortion; exceedingly large; longest diameter, 0.295 millimeter; shortest, 0.20 milli- 
meter. Two interior elliptic bodies, 0.11 millimeter by 0.09 millimeter; suggesting 
two halves of medullar test, shoved apart. Three long slender, cylindrical radial 
spines, one 0.275+ millimeter long and 0.0125 millimeter wide, another widening 
from 0.02 millimeter to 0.025 millimeter. Pores averaging 0.025 millimeter in 
diameter, but reaching 0.04 millimeter. A group of smaller short conical spines is 
seen at one point, measuring from 0.05 millimeter to 0.10 millimeter in length and 
about 0.02 millimeter wide at the base. 

Horizon and locality: “Ordovician red Normanskill chert at Fly Summit, Wash- 
ington County, New York. New York State Museum, slide no. 58. 

Remarks: It is possible that this is a discoidal form, as most of the three-spined 
ones are. If this is the case, it should be referred to Triactis Riist or Triactiscus 
Haeckel; but, as already pointed out by Hinde, “it is difficult to ascertain with 
absolute certainty now that these minute shells are imbedded in the solid chert 
whether particular specimens are discoidal or spherical.”™ He considers the circular 
outlines in contrast to the lenticular or elliptic ones of other species of Triposphaera, 
as indicating spherical forms. 


Family DRUPPULIDA Haeckel 


Genus Druppula Haeckel 
Subgenus Druppulissa Haeckel 


Haeckel ™ defines the genus Druppula as follows: the outer (or cortical) shell 
is always more or less ellipsoidal; the inner (or medullary) shell also is sometimes 
ellipsoidal, sometimes spherical. Both shells are concentric, connected by a variable 
number of radial beams. 

The subgenus Druppulissa is characterized by having “Pores of the cortical shell 
irregular, of different form or size, usually subcircular or roundish, sometimes lobed 
or compound.” 

Riist ® has recognized species of Druppula in the Ordovician of Saxony and of 
France (Cabriéres), and many species in the Carboniferous cherts of the Harz 
Mountains. 


Druppula (Drupulissa) simplex nov. 
[Plate 5, figures 9, 22] 


Description: Cortical test oviform, of medium size; diameters of holotype, 0.14 
millimeter and 0.105 millimeter; of paratype, 0.14 millimeter and 0.10 millimeter. 
Medullary shell relatively large; diameters of holotype, 0.105 millimeter and 0.065 
millimeter; of paratype, 0.05 millimeter and 0.07 millimeter. The average distance 
between the two tests is 0.023 millimeter. Pores irregular in size, smaller in cortical 
test (0.007 millimeter to 0.01 millimeter), larger in medullary test (0.007 millimeter 


& Op. cit., p. 55. 

58 E. Haeckel: Radiolaria, Challenger Rept., pt. 1, vol. 18 (1887) p. 308. 

5 Op. cit., p. 309. 

%D. Riist: Beitrige zur Kenntniss der fossilen Radiolarien aus Gesteinen der Trias und der palaeo- 
zoischen Schichten, Palaeontographica, vol. 38 (1892) p. 154. 
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to 0.025 millimeter). Scattered mucros and small spines, 0.02 to 0.025 millimeter 
long. 
Horizon and locality: Ordovician Normanskill chert on east side of Flint Mine 
Hill, Columbia County, New York. New York State Museum, slide no. 35. 
Remarks: This is a well-marked species, which has been observed at only one 
locality. It is distinguished from Druppula silurica Riist by its less elongate form 
and larger medullary shell, also by the presence of mucros and small spines. 


Order PRUNOIDEA Haeckel 
Family SPONGURIDA Haeckel 


Genus Spongoprunum Haeckel 


Diagnosis: Spongurida with ellipsoidal or cylindrical shell of solid spongy frame- 
work, without internal cavity and without latticed medullary shell. On the pole 
of the axis occur two opposite strong spines.” 

Riist * has described a species from the Lower Carboniferous chert of the Harz 
Mountains. 

Spongoprunum oligoporum nov. 
[Plate 5, figure 23] 


Description: Medium-sized, elongate oval porous test, 0.265 millimeter long, 
0.065 millimeter to 0.10 millimeter wide; with polar spines, two at one pole (0.03 
millimeter wide) and one at the other, 0.01 millimeter wide and 0.065 millimeter 
long. Pores widely scattered, 0.0175 millimeter wide. 

Horizon and locality: Ordovician red Normanskill chert at Fly Summit, Wash- 
ington County, New York. New York State Museum, slide no. 58. 

Remarks: This species agrees better with S. amphilonche Riist than with the 
recent forms, in having two spines at one pole and one at the other pole, and 
distinct pores. It differs from that species in the presence of secondary spines. 


Order DISCOIDEA Haeckel 
Family SPONGODISCIDA Haeckel 


Genus Spongotrochus Haeckel 


Diagnosis: Radiolaria with spongy disk with solid radial spines on the margin 
and sides of disc. Riist® has described a species from the Carboniferous jasper of 
Sicily. 

Spongotrochus primaevus nov. 
[Plate 6, figure 1] 


Description: Large elongate oval disc, 0.273 millimeter by 0.155 millimeter; bluntly 
acute at one end, slightly truncate or emarginate at the other. Provided with short 
acute spines, 0.023 millimeter to 0.0275 millimeter long, mostly placed along the 
margin. No pores observed. 

Horizon and locality: Ordovician Deepkill chert, south end of Mount Merino, 
Columbia County, New York. New York State Museum, slide no. 27. 


8 FE. Haeckel: op. cit., p. 347. 
SD. Riist: op. cit., p. 159. 
58 Op. cit., p. 173. 


| 
: 


1578 RUEDEMANN AND WILSON—EASTERN NEW YORK ORDOVICIAN CHERTS 


Remarks: The preservation of the radiolarian test in the Mount Merino chert 
is such that its structure is obscured in the white opaque chert. The form of the 
test, however, leaves little doubt of the early appearance of this member of the 


Discoidea. 
Subclass NASSELLARIA Haeckel 
Order CYRTOIDEA Haeckel 
Family PHAENOCALPIDA Haeckel © 


Genus Halicalyptra Ehrenberg 


Haeckel’s diagnosis: Archiphormida [older family name] without radial ribs in 
the wall of the campanulate or ovate shell. Mouth with a coronet of radial feet. 
Apex with a horn. 

Halicalyptra similis nov. 
[Plate 6, figure 3] 


Description: Shell smooth, of medium size (0.15 millimeter by 0.75 millimeter), 
campanulate. Pores irregular, roundish, about 0.015 millimeter wide. Peristome 
not constricted, with 5+ large subparallel feet, 0.045 millimeter long and 0.013 
millimeter wide. Base of apical horn preserved, 0.02 millimeter wide. 

Horizon and locality: Ordovician red Normanskill chert, Fly Summit, Washing- 
ton County, New York. New York State Museum, slide no. 58. 

Remarks: This species agrees well with the genus, both as described from recent 
forms, and also with the forms described by Riist™ from the Jurassic radiolarite 
boulders of Rigi Mountain, Switzerland. H. similis, however, is broader than all 
these forms and has wider feet. 


Halicalyptra ambulans nov. 
[Plate 6, figure 4] 


Description: Shell smooth, of medium size (0.014 millimeter by 0.133 millimeter), 
campanulate, little contracted toward top. Peristome not constricted, with 4+ 
short, conical feet, 0.045 millimeter and 0.02 millimeter wide at base. Pores, 0.015+ 
millimeter wide. Apical horn acute, 0.025 millimeter long and 0.075 millimeter wide 
at base. 

Horizon and locality: Ordovician red Normanskill chert at Fly Summit, Wash- 
ington County, New York. New York State Museum, slide no. 58. 

Remarks: This species is readily distinguished from the congeners, by its abrupt 
contraction at the upper end and its small apical horn. 


Family SETHOCYRTIDA Haeckel 
Genus Sethocapsa Haeckel 


Diagnosis: The latticed test is divided by a constriction into two chambers, and 
the aperture is covered by a latticed plate. 

Riist® has described a species of Sethocapsa from the Devonian of the Ural 
Mountains, and a Triassic form from Hungary; Hinde™ describes a species from the 
Lower Carboniferous of Cornwall, England. 


®D. Riist: Beitrige zur Kenntniss der fossilen Radiolarien aus Gesteinen der Jura, Palaeonto- 
graphica, vol. 31 (1885) p. 302-303. 

© D. Riist: Beitriige zur Kenntniss der fossilen Radiolarien aus Gesteinen der Trias und der palaeo- 

ischen Schichten, Pal tographica, vol. 38 (1892) p. 182. 

1G. J. Hinde and H. Fox: op. cit., p. 641. 
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Sethocapsa pytine nov. 
[Plate 6, figures 7, 9] 


Description: Lower chamber subcircular to oval in outline, small; diameter of 
holotype, 0.07 millimeter by 0.07 millimeter; of paratype, 0.065 millimeter by 0.075 
millimeter. The upper chamber is a tubular extension, 0.055 millimeter long, 0.035 
millimeter wide at the base, and 0.015 millimeter wide at the top in the holotype; 
0.045 millimeter long, 0.015 millimeter wide at the base, and 0.010 millimeter wide 
above, in the paratype. Pores of irregular size, from 0.010 millimeter to 0.015 milli- 
meter wide. 

Horizon and locality: Ordovician red Normanskill chert at Fly Summit, Wash- 
ington County, New York. New York State Museum, slide no. 58. 

Remarks: The holotype shows distinctly the pores of the upper chamber. This 
is the oldest representative of the genus. 


Family LITHOCAMPIDA Haeckel 
Genus Lithocampe Ehrenberg 


The genus Lithocampe is defined by Haeckel™ as follows: Stichocorida (vel 
Stichocyrtida eradiata aperta) with ovate or spindle-shaped shell, the mouth of 
which is constricted, but not prolonged into a tube. Cephalis without horn or tube. 

The genus is characterized by its conical or fusiform outline and contracted 
aperture. There are many species today, and the genus was recognized by Hinde®™ 
as occurring in the Lower Carboniferous. 


Lithocampe (?) spinosa nov. 
{Plate 6, figure 2] 


Description: Test conical, large, the constrictions indicate about eight chambers, 
increasing in size downward. The summit chamber is rounded. Test with spines 
which are longest near base. Length, 0.28 millimeter; basal width, 0.13 millimeter; 
length of spines, 0.015 millimeter to 0.055 millimeter. Pores, about 0.015 millimeter. 

Horizon and locality: Ordovician red Normanskill chert, Fly Summit, Wash- 
ington County, New York. New York State Museum, slide no. 58. 

Remarks: The form figured here agrees well with Lithocampe as existing today 
and also with the Carboniferous form L. sp. Hinde, possessing about the same number 
(eight) of chambers. It differs from all in possessing spines. There are, however, 
in other genera, all gradations from smooth to spinose forms. 


ACCESSORY FOSSILS 

The cherts of the New York slate belt have afforded few traces of 
fossils other than the Radiolaria. Much of the radiolarite is composed 
of broken spines and patches of test of the Radiolaria (PI. 6, figs. 11, 18). 
Scattered sparsely through the chert are sponge spicules, which are 
readily distinguished from the radiolarian spines by their greater size. 
Triaxons (PI. 6, figs. 23, 25, 27) and tetraxons (PI. 6, fig. 26) are present. 
The photograph (PI. 3, fig. 2) shows an especially large tetraxone spicule. 
Finally, there are also observed, in the red chert at Fly Summit, groups 


62 EF. Haeckel: Radiolaria, Challenger Rept., pt. 1, vol. 18 (1887) p. 150. 
63 G. J. Hinde and H. Fox: op. cit., p. 642. 
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of translucent reddish brown, finely granular, circular to elliptic bodies 
(Pl. 6, fig. 19) of unknown origin, that are darker than the matrix; and, 
rarely, short worm-shaped bodies of similar color. All these may be 
coprolites (Pl. 6, fig. 24). 

The work of studying the microscopic remains of the cherts in general, 
which has been begun by Otto Wetzel in Europe, will undoubtedly lead 
to important results concerning these problematic fossils. 
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EXPLANATION OF PLATES 1583 


EXPLANATION OF PLATES 5 and 6 


The Radiolaria and other fossils of the chert were drawn, 200 times 
enlarged, by Ruedemann, by means of the Parkes-Lapworth microscope, 
and then reduced to 100 times enlargement on the plates. 

The 200-times-enlarged and very clear pictures were easily drawn 
with the microscope, which originally was constructed for graptolites. 
It gives only 8-12 times enlargements, but greater enlargements were 
obtained by an arrangement made by Wilson as follows: A more power- 
ful objective, extension of the microscope tube, and the distance from the 
camera lucida prism to the drawing board governed the magnification, 
which happened to be exactly 200. A Bausch and Lomb microscope 
lamp with condensed filament, 110-volt bulb and slightly blue ground- 
glass window was clamped in the microscope stage. Four criss-crossed 
glass tubes were fastened to this lamp surrounding the window to pro- 
vide heat insulation between lamp and slide, which was fastened against 
these rods. 
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RADIOLARIA 


Figure 1.—Dorydictyum minutum nov. Group of tests. (b) Holotype. (a, c) Paratypes. Lower 
— Ordovician Deepkill chert. South end of Mount Merino, Columbia County, New York. 


Figures 2, 3, ii 10. fy gag yd magnum nov. Figure 2: Holotype. Figures 3, 7, 10: Paratypes. 

Figures 2 and 10 from Ordovician Normanskill chert at Glenmont, Albany County, New 

York. Figure 3 og | Ordovican Normanskill radiolarite near Ghent, Columbia County, 

New York. Figure 7 from Ordovician red Normanskill chert at Fly Summit, Wash- 
ington New York. 

Hali Figure 4: Holotype. Figure 26: Paratype. Lower Ordo- 

vician Deepika chert. "South end of Mount Merino, Columbia County, New York. 


Figure 5.—Doryplegma priscum nov. Holotype. Lower Ordovician Deepkill chert. South end of 
Mount Merino, Columbia County, New York. 


Figures 6, 27, 28.—Heliosphaera haeckeli nov. Figure 28: Holotype. Figures 6, 27: Paratypes. Ordo- 
vician Normanskill radiolarite. Near Ghent, Columbia County, New York. 


Figures 8, 19, 20, 30, 36.—Heliosphaera micropora nov. Figure 20: ae, Figures 8, 19, 30, 36: 
Paratypes. Ordovician Normanskill chert ey leszace” bia County, New York. 


Figures 9, 22.—Druppula simpler nov. Figure 9: Holotype. Figure 22: Fyestyye. Ordovician Nor- 
manskill chert. East of Flint Mine Hill, Wiebe County, New York. 


Figures 11, 12, 17, 18.—Doryplegma armatum nov. Figure 18: Holotype. Figures 11, 12, 18: Paratypes. 
Figures 12 and 18 from Ordovician red Normanskill chert at Fly Summit, Washington 
County, New York. Figures 11 and 17 from Ordovician Normanskill chert at Victory 
Mills, Saratoga County, New York. 


Figures 13, ~~ 31. Pg yey riisti nov. Figure = Bowne -y Figures 13, 15, 31: Paratypes. 
‘igures 


Figures 4, 26. 


15, and 31 from Ordovician red Normanskill chert. Fly Summit, Washington 
County, York. Figure 13 from Normanskill chert. Victory Mills, 


Saratoga County, New York. 

Figure 16.—Doryplegma nuz nov. Holotype. Ordovician Normanskill chert breccia. Near Ghent, 
Columbia County, New York. 

Figure 21. ener (?) mazima nov. Holotype. Ordovician red Normanskill chert. Fly 
Summit, Washington County, New York. 

Figure 23.—Spongoprunum oligoporum nov. Holotype. Ordovician red Normanskill chert. Fly 
Summit, Washington County, New York. 

Figure ane venusta nov. Holotype. Lower Ordovician. Deepkill chert. South end 
of Mount Merino, Columbia County, New York. 

Figure 25.—Sphaerozoum minutum nov. Holotype. Ordovician red Normanskill chert. Fly Summit, 
Washington County, New York. 

Figures 29, 32.—Haliomma penrosei nov. Figure 32: Holotype. Figure 29: Paratype. Ordovician 
red Normanskill chert. Fly Summit, Washington County, New York. 

Figures 33, ™, Sad yg pachyderma nov. Ordovician Normanskill chert. Figure 33: Holo- 

ype. Fly Summit, Washington County, New York. Figures 34, 35: Paratypes. 

ll Ulster County, New York. 
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Figure 1.—Spongotrochus primacous nov. Holotype. Lower Ordovician Deepkill chert. South end 

of Mount Merino, Columbia County, New York. oe 

Figure ohne (?) spinosa nov. eae. Ordovician red Normanskill chert. Fly Summit, 
ork. 


ashington County, New 


Figure 3.—Halicalyptra similis nov. Holotype. Ordovician red Normanskill chert. Fly Summi 
Washington County, New York. - 


Figure 4.—Halicalyptra ambulans nov. Holotype. Ordovician red Normanskill chert. Fly S it, 
Washington County, New York. hata 


Figure 5.—Acanthosphaera robusta nov. Holotype. Ordovician Normanskill radiolarite. N: 
Ghent, Columbia County, New York 


Figures 6, 33, 35.—Cenosphaera antiqua nov. Figure 33: Holotype. Figures 6 and 35: Paratypes. 
ag ata Deepkill chert. South end of Mount Merino, Columbia County, 
ew York. 


Figures 7, 9,—Sethocapsa pytine nov. Figure 7: Holotype. Figure 9: Paratype. Ordovician Normans- 
kill chert. Fly Summit, Washington County, New York. 


Figure 8.—?Heliosphaera haeckeli nov. Specimen with abnormal development and outline. Ordo- 
vician red Normanskill chert. Fly Summit, Washington County, New York 


Figure 10.—Haliomma penrosei nov. Specimen showing distinctly the cortical and medullary shells 


and the connecting bars. Ordovician red Normanskill chert. Fly Summit, Washington 
County, New York. 


Figures 11, 18.—Groups of spicules and fragments of radiolarian tests composing the chert. Figure 11 
from Ordovician Normanskill radiolarite near Ghent, Columbia County, New York. 
vo 18 from Ordovician Normanskill chert breccia at Ghent, Columbia County, New 

or! 


Figure 12.—Choenicosphaera multispi nov. Holotype. Lower Ordovician Deepkill chert. South 
end of Mount Merino, Columbia County, New York. 


Figures 13, 16.—Acanthosphaera minuta nov. Figure 13: Holotype. Figure 16: Paratype. Lower 
Ordovician Deepkill chert. South end of Mount Merino, Columbia County, New York. 


Figures 14, 21, 32.—Xiphosphaera macracantha nov. Figure 14: Holotype. Ordovician Normanskill 
chert. Fly Summit, Washington County, New York. Figures 21 and 32: Paratypes. 
Figure 32: Normanskill radiolarite. Near Ghent, Columbia County, New York. 


Figure 15.—Stylostaurus hindei nov. Holotype. Ordovician Normanskill chert. Glasco, Ulster 
County, New York. 


Figure 17.—Shadow of radiolarian test with sections of corona of long spines, diverging in all direc- 


tions and showing the great development of spines, not observable in the thin sections. 
Ordovician red Normanskill chert, Fly Summit, Washington County, New York. 


Figures 19, 24.—Problematica, possibly oe. Ordovician red Normanskill chert. Fly Summit, 
Washington County, New York. 


Figure 20.—Xiphosphaera brachyacantha nov. Holotype. Ordovician Normanskill red chert. Fly 
Summit, Washington County, New York. 


Figure 22.—Xiphosphaera parva nov. Holotype. Lower Ordovician Deepkill chert. South end of 
Mount Merino, Columbia County, New York. 


Figures 23, 25, 26, 27.Sponge spicules from chert. Figure 23 from Lower Ordovician Normanskill 
chert, south end of Mount Merino, Columbia County, New York. Figure 26 from Ordo- 
vician Normanskill chert at Victory Mills, Saratoga County, New York. Figures 25, 27, 
from Ordovician red Normanskill chert at Fly Summit, Washington County, New York. 


Figures 28, 37.—Siphonosphaera (Merosiphonia) streptosiphonia nov. Holotype. Ordovician red 
Normanskill chert. Fly Summit, Washington County, New York. 


Figure 29.—Staurosphaera crassispina nov. Holotype. Ordovician red Normanskill chert. Fly Sum- 
mit, Washington County, New York. 


Figure 30.—Acanthosphaera perspinosa nov. Holotype. Ordovician Normanskill chert. Glenmont, 
Albany County, New York. 


Figure 31.—Staurosphaera sancta nov. Holotype. Ordovician red Normanskill chert. Fly Summit, 
Washington County, New York. 


Figure 34.—Choenicosphaera brevispina nov. Holotype. Ordovician Normanskill chert. Glenmont, 
Albany County, New York. 
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RADIOLARIA RESTORATIONS 


Restoration. All 100 times enlarged. The frontal spines are left out in figures 3, 4, 5, 7, 9, 10, 
and 11, mainly to bring out the internal structures. 


: Figure 1.—Cenosphaera pachyderma nov. Figure 8.—Heliosphaera riisti nov. 

: Figure 2.—Coenicosphaera brevispina nov. Figure 9.—Haliomma penrosei nov. 
Figure 3.—Siphonosphaera streptosiphonia nov. Figure 10.—Doryplegma armatum nov. 
Figure 4.—Xiphosphaera macracantha nov. Figure 11.—Druppula simplez nov. 
Figure 5.—Xiphosphaera brachyacantha nov. Figure 12.—Spongoprunum oligoporum nov. 
Figure 6.—Staurosphaera sancta nov. Figure 13.—Halicalyptra similis nov. 
Figure 7.—Staurosphaera crassispina nov. Figure 14.—Sethocapsa pytine nov. 


Figure 15.—Lith pe (2) spi nov. 
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INTRODUCTION: WEGENER’S THEORY 


According to the Wegener hypothesis, the continents originally formed 
a single block. This broke into sections in the Carboniferous, and, during 
the geologic periods that followed, the continents drifted apart. Wegener, 
as many others had done before him, originally conceived the idea that 
the similarity in the coast lines of Europe-Africa and America indicated 
connection previous to the Carboniferous. It is to his credit, however, 
that he investigated in detail all the possible consequences of this 
hypothesis. He considered especially the present-day relative move- 
ments of parts of the earth’s crust, and he started investigations of the 
movement of Greenland relative to Europe. He emphasized the impor- 
tance of determining and explaining the changes in the land-bridge 
connections between the continents, which occurred from time to time, 
because of their bearing on the problem of continental origin and history. 
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Similarities in the structure of certain regions, now far apart, especially 
those involving mountain ranges, he endeavored to explain on the assump- 
tion that they were formerly parts of the same structural unit. Evi- 
dences that localities now widely separated in latitude once had similar 
climates were readily explained by his theory. 

This treatment by Wegener, in a single hypothesis, of a wide variety 
of problems, of both major and minor importance, and the fact that this 
one concept apparently furnished solutions for so many questions, each 
of which previously had required a separate hypothesis, aroused wide 
interest. An extensive literature arose regarding it. Some of the objec- 
tions voiced against the theory doubtless had their origin in Wegener’s 
attempts to deal with subjects outside his own field of geophysics. 

His work was a first attempt to explain a vast body of problems with 
one hypothesis, and it is, therefore, not surprising that numerous objec- 
tions arose against general or specific parts of his statement. One 
fundamental difference between his theory and observable facts was noted 
by the writer. According to Wegener’s concept, the continents were 
blocks of sial, completely separated from each other by the sima forming 
the bottoms of the oceans. Seismological, as well as geological, observa- 
tions show a decided difference in composition between the upper 
crust beneath the Pacific Ocean and that beneath the Atlantic and the 
Indian oceans. Although the velocity of elastic waves under the Pacific 
Ocean at a depth of 10 kilometers is the same as in rocks at a depth 
of 40 or 50 kilometers in the continents, the crust under the Atlantic 
and the Indian oceans shows elastic properties similar to those found 
in the upper parts of the sialic crust in the continents. Further, the con- 
tinents and the Atlantic Ocean bottom are found, from seismic as well 
as geologic data, to be continuous; the transition from the continents 
to the Pacific Ocean is abrupt. 

To obviate these and other discrepancies in Wegener’s theory, without 
affecting its advantages, the writer,’ in 1927, suggested a modification 
of the concept, to the effect that the continents did not break, but flowed 
apart, and that a sialic connection between them still exists across the 
bottom of the Atlantic and the Indian oceans. 

Some of the basic differences between Wegener’s theory and the writer’s 
new “Fliesstheorie” are herewith discussed. Wegener assumed that the 
continents originally formed one block, in which the west coast of Europe 
almost touched the present east coast of North America, and that similar 
contacts marked the other continents. The writer assumed that the sial 
that forms the bottom of the Atlantic Ocean has always existed between 


1B. Gutenberg: Die Veriinderung der Erdkrusts durch Fliessbewegungen der Kontinentalscholle, 
Gerlands Beitr. z. Geophysik, vol. 16 (1927) p. 239-247; vol. 18 (1927) p. 281-291. 
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INTRODUCTION: WEGENER’S THEORY 1589 
the two continents and that, although they were less widely separated 
at some earlier geologic period than at present, the distance between 
them then was not less than about half the present gap. Similar assump- 
tions are made concerning the connections across the Indian Ocean. 
Wegener assumed that the continents broke apart; according to the 
Fliesstheorie, they flowed apart. Differing further from Wegener, there 
is the possibility that they may have been farther apart before the time 
of closest approach. Wegener assumed that the continents were drifting, 
like icebergs; the writer postulates plastic flow in both the continents 
and the sima. Wegener’s hypothesis has frequently been called the 
“Theory of continental drift.” In contrast, the writer has termed his 
concept the “Fliesstheorie,” or “Theory of continental flow.” According 
to Wegener’s theory, the thickness of the sialic material in the continents 
does not change in course of time; according to the “Fliesstheorie,” it 
may change during any period, at any place. According to the “Fliess- 
theorie,” the bottoms of the Indian and the Atlantic oceans are formed 
of sial, which, however, is thinner than that under the continents. Wege- 
ner assumed that the sima forms the bottom of all the oceans, so that 
in his theory there is a discontinuity everywhere between the continents 
and the ocean bottom. In the Fliesstheorie, such a discontinuity exists 
only around the Pacific Basin, the boundaries of which will be defined 
later. 

Many new observations have been published since the first presenta- 
tion of the Fliesstheorie, and in this paper this new information will be 
compared with the theory. 


FORCES IN THE EARTH’S CRUST AND THEIR EFFECTS 


One important fact should be noted in beginning an examination of 
the Fliesstheorie. It is based upon a study, not of the forces that produce 
movements in the earth’s crust, but of the effects of these forces. The 
forces themselves are still far from being clearly understood. 

There is no doubt that inequality in the distribution of the masses 
in the earth’s crust—large mountains in some parts and deep ocean 
troughs in others—produces stresses with a tendency to spread the con- 
tinental material evenly over the whole earth and to create hydrostatic 
equilibrium. But there can be no doubt that there are other, unknown, 
forces, which produce the mountains and disturb the equilibrium. Prob- 
ably they originate at greater depth. Cooling of the earth, heating by 
radioactive matter, crystallization, melting, chemical changes may pro- 
duce stresses, subcrustal flow and the changes observed in the study of 
geologic history. Among other forces are the small “Polfluchtkraft,” 
which has a tendency to push the higher parts of the earth’s crust (con- 
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tinents) toward the equator (they seem to “flee from the poles’’).? On 
the other hand, the “west drift forces,” which have been postulated by 
Wegener and others, apparently do not exist. There is, therefore, no 
reason why the continental block as a whole should drift in a westerly 
direction; one would rather expect that the forces due to the lack of 
hydrostatic equilibrium, which tend to spread the sial over the whole 
earth, would push the western part of the continental block, the Americas, 
toward the west, and the eastern part of the block, Asia, toward the east. 

The “Polfluchtkraft,” on the other hand, should have a tendency to 
bring the whole continental block in such a position that it is about 
bisected by the equator; to a first approximation, S sin 2p dm, where m 
is the mass of the continental block and q@ the latitude, must be zero, 
as had been pointed out.* This problem has been recently investigated 
in great detail by M. Milankovitch,* who has calculated the corre- 
sponding movements for the past and the future. 

Unfortunately, it is not possible to proceed in a similar way with other 
forces and to find the history of the earth’s crust by calculations. As 
the forces themselves are not sufficiently known, their effects must be 
considered, and a hypothesis on the development of the earth’s crust must 
be based mainly on observations of present conditions and on paleonto- 
logical data. This mode of attack involves a serious disadvantage: the 
available data are less plentiful, and the time intervals with which they 
are correlated become longer and longer the farther back one goes in the 
history of the earth. It has not yet been possible to trace the changes 
in the earth’s crust back beyond Carboniferous. This fact has created 
a widespread impression that geophysicists believe that there was no 
change in the earth’s crust previous to Carboniferous. But Wegener was 
convinced that the position of the continents, as given by him for the 
Carboniferous, was not their original position and that great changes had 
previously occurred. He states, for example, that in plotting paleonto- 
logical data concerning Devonian and Silurian, it is still possible to use 
the maps for Carboniferous, but that these maps get more and more 
inaccurate the farther back one goes in the history of the earth. In 
plotting data from the Cambrian, he found no possible connection with 
the data concerning different continents, as it was impossible for him to 
indicate the relative position of the continents at that time.* He expected 
that climatological data concerning the oldest eras would help in the 


2 For details see B. Gutenberg: Handbuch der Geophysik., vol. 3 (1930) p. 1-31. 

Ibid. 

4M. Milankovitch: Der Mechanismus der Polverlagerungen, Gerlands Beitr. z. Geophysik, vol. 42 
(1924) p. 70-97, 

5W. Koppen and A. Wegener: Die Klimate der geologischen Vorzeit (1924) p. 141. Berlin. 

© Op. cit., p. 148. 
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theoretical reconstruction of the structure of the earth’s crust during those 
times, but he recognized that observations are not yet detailed enough 
for such a reconstruction. 


ORIGIN OF THE BASINS WITHOUT SIAL 


Another difficulty arises from the fact that the reason is not known 
for two completely different units in the earth’s crust—one with, and one 
without, sial. Jardetsky,’ for example, supposes that, during the solidi- 
fication of the earth, its rotation was different in different latitudes, as 
it is observed in the case of the sun; that the sialic part of the crust 
formed during the first period of crystallization; and that the move- 
ments now observed are a remainder of the zonal movement of the 
original nebula. J. Geszti,® on the other hand, represents those who 
assume that originally the whole earth was covered by sial, and that 
certain effects—under his assumption, they are thermo-dynamic—pro- 
duced differences during the crystallization. A third group supposes that, 
even after crystallization, the whole earth was covered by a sialic crust, 
but that this has been removed in certain regions by cosmic forces. As 
such, the birth of the moon is usually considered,® especially as its mass 
and density would meet the requirements of such a theory. But with 
this assumption, no explanation could be given for the momentum of 
the moon, and all calculations seem to indicate that the moon and the 
earth originated about simultaneously and at a short distance from each 
other; many astronomers believe that this distance was equivalent to a 
few diameters of the earth. Possibly, the original cause for the limita- 
tion of the sial lies in this, or another, condition during the birth period 
of the earth. 

Contrary to statements in recent discussions, neither Wegener nor the 
writer believe that the moon broke away from the earth during Car- 
boniferous or any other period of geologic history and that this event 
started the movement of continents. However, they, as well as Jeffreys, 
temporarily considered the possibility that the moon had left the earth 
during its early, pre-geologic history, and created, at that time, the scar 
without sial. 

THE FLIESSTHEORIE 


As neither the original structure of the earth’s crust nor the forces 
that have disturbed the equilibrium, and still are forming mountains, are 
known, the only results that are of use in finding the changes in the 


7W. Jardetsky: Uber die Ursachen der Spaltung und Verschiebung der Kontinente, Gerlands Beitr, z. 
Geophysik, vol. 26 (1930) p. 167-181; Recherches mathématiques sur l’évolution de la terre, Acad. R. 
Serbe, Sect. des sc. math. et nat., tome 29 (1935). Belgrade. 

8 J. Geszti: Die Entstehung der Kontinents, Gerlands Beitr. z. Geophysik, vol. 27 (1930) p. 1-25; 
vol, 31 (1931) p. 1-39. 

®W. Bowie: The origin of continents and oceans, Sci. Monthly (1935) p. 444-448. 
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structure during geologic history are based on paleontological observa- 
tions. As already stated, these observations have been considered not 
plentiful enough to permit interpretation for the time previous to Car- 
boniferous. When the writer published his “Fliesstheorie,” his sketches 
(Fig. 1) began with Carboniferous. Since publication of the theory, 
knowledge concerning the structure of the earth’s crust and its elastic 
properties has been increased so much that a re-examination of the 
theory seems necessary. The new data indicate throughout that the 
theory corresponds to the observations. 


STRUCTURE OF THE EARTH’S CRUST 
BODILY WAVES 


In regions where earthquakes occur and where there are sufficient 
observatories to locate the epicenters exactly, it is possible to determine 


Tasie 1.—Earthquake wave velocities 


Longitudinal Waves Transverse Waves 
Depth in kilometers Depth in kilometers 
Materials 

0 2 10 40 0 2 10 40 
sandstone, Recent........ 2-3 | 3-4 ~ - 1-2 | 14-3 - ~ 
Devonian...... 4+ 4+ - - - - 
limestone, Cretaceous... .. 3-4 | 33-44) - - 
Ordovician... .. 5+] 6+ - - 


metamorphosed sediments” 
e. g., “dolomitic lime- 


6-7 | 6-7| 6-7 — || 34-4 | 34-4 | 34-4 
42-51} 5} 53 5} 3 3} 3} 
deeper layers in continents.| | 5§-62 54-7 - | 3}-4 | 


the velocities of longitudinal and transverse waves as a function of depth. 
Such results give a correct idea of the structures, for the wave velocities 
vary sufficiently to indicate the type of material. The values, as shown 
in Table 1, give an idea of the quantities that are involved (all data 
approximate and in kilometers per second: 1 kilometer = 0.621 miles = 
3281 feet). 

Everywhere in the continents the same type of structure has been found. 
Under a layer of sediments of various age and thickness (in the Los 


10 See, for example, Maurice Ewing and A. P. Crary: Propagation of elastic waves in limestone, 
Am. Geophys. Union, Tr. (1935) p. 100-103. 
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Ficure 1.—Probable distribution of continents and oceans and of climates 


(a) Carboniferous; (b) Cretaceous; (c) Eocene; (d) Recent. Circles indicate cold climate; single 
shading, moderate climate; cross-hatching, tropical climate. Probable boundary between region with 
a sialic crust and that without sial is marked by a broken line. 
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Angeles Basin these extend downward for almost 10 miles*') there is 
a granitic layer, the velocity of which is 5.6 km/sec for longitudinal 
waves. Although it has not been proved that everywhere this layer is 
granite, it is generally called the “granitic layer.” It is underlain by 
one, or more, layers in which velocities of longitudinal waves up to 
7 km/sec have been found. In a few regions—for example, in Cali- 
fornia—a thin layer (less than 10 kilometers thick) with a velocity of 
about 7144 km/sec has been found. This is either the deepest sialic layer 
or the top layer of the sima. For the next 50 kilometers under these 
layers the velocity of the waves is rather constant—close to 8 km/sec 
for longitudinal waves and slightly below 4% km/sec for transverse 
waves. It is not improbable that the velocity decreases slightly at a 
depth of about 60 kilometers.'? In 1926, the writer interpreted this fact 
as a possible indication of the transition from the crystalline to the 
molten state at that depth, an idea that had already been stressed from 
other evidence, especially by R. A. Daly. There is no clear indication 
of any marked discontinuity, even of second order, below that depth, 
down to a depth of about 1,000 kilometers, and even there the elastic 
constants do not change discontinuously, but their increase with depth 
suddenly slows down. The only first-order discontinuity with a sudden 
change is at the core of the earth, at a depth of 2,900 kilometers. 

The thickness of the “granitic layer’ and the continental crust, in 
which is included the thin layer with a velocity of about 714 km/sec 
for longitudinal waves, has been investigated wherever sufficient seismo- 
logical observatories permitted such determinations. The data is pre- 
sented in summary in Table 2. 

In general, the thickness of the continental crust decreases toward the 
oceans, but this seems to be due to a thinning of the granitic layer rather 
than of the deeper layers. The greatest known thickness of the granitic 
layer is under the Alps, which is in agreement with the theory of 
isostasy. 

No data has been obtained concerning undisturbed regions of the ocean 
bottom. A large body of data is available concerning the neighborhood 
of Apia. Angenheister found that the longitudinal waves, as well as 
the transverse waves, of shocks from distances between 200 and 1,000 
kilometers arrive there noticeably earlier than under the same circum- 
stances in continental Europe. The data have no high precision, owing 
to lack of stations—except at Apia—in that region, but the fact that 
the transverse waves of local shocks arrive at Apia about half a minute 
earlier than in the continent leaves no doubt that the wave velocities 


11 B. Gutenberg and J. P. Buwalda: Seismic reflection profile across Los Angeles Basin, (abstract) 
Geol. Soc. Am., Pr. 1935 (1936) p. 327. 

12 B. Gutenberg and C. F. Richter: On the seismic waves [second paper], Gerlands Beitr. z. Geo- 
physik, vol. 45 (1935) p. 280-360. 
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in the crust there are much higher and can not be far from the values 
found below the continental crust in the sima. 

Other observations are available from the regions of Hawaii and New 
Zealand. In both cases, the waves through the “sima,” with their 
velocity of about 8 km/sec, arrive much earlier than in the continents. 


Taste 2.—Thickness of granitic layer and sial 


lading granitic layer continental crust (sial) 
(depth in kilometers) | (depth in kilometers) 
10 20 
Southern Germany................ 30 45 
Southeastern Europe............... about 30 about 45 
Central Asia (region of 40° N., 70° E.). about 20 40-50 
Piping ? about 50? 
toward the Pacific 
Southern and central California... .. 15 30-40 


In both instances, waves with smaller velocities have been found. In 
the case of the Hawaiian shocks, A. E. Jones correlates them with the 
local rocks. R. C. Hayes, who has investigated the wave velocities in 
the New Zealand region, believes that the lower velocities there indicate 
continental materials, which, from the data which he publishes, seem 
to be of less thickness in the New Zealand region than in the continents. 


SURFACE WAVES 


Two major types of surface waves are found in seismograms: Love 
waves (surface shear waves) and Rayleigh waves (elliptic movements 
in the plane of propagation). As the data concerning the latter are 
more scanty and confirm the results found from the Love waves, which 
travel slightly faster, only the Love waves will here be considered. Their 
velocity in 2 homogeneous medium is equal to the velocity of the bodily 
transverse waves. Where the velocity of the transverse waves increases 
gradually or suddenly with depth, the velocity of the Love waves corre- 
sponds roughly to an average of the velocities of transverse waves in 
the layers in which most of their energy is propagated. As they are 
surface waves, their energy decreases rapidly with depth, and a large 
fraction of their energy travels within one wave length from the surface 
along which they are propagated. If the surface waves in local shocks, 
which are short, are excluded, the wave lengths recorded in Love waves 
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are between 10 and many hundred kilometers. Accordingly, the velocity 
of a surface wave with a length of 10 kilometers corresponds roughly 
to the velocity of transverse waves in the uppermost 10 kilometers. A 
Love wave with a length 

a) of 100 kilometers (its 

period is over 20 sec- 

A onds) has a_ velocity 

that is a certain aver- 
age of the velocities of 


<C- transverse waves in the 


uppermost hundred kil- 

ometers; in Love waves 

with lengths of many 

hundred kilometers (pe- 

riods of one to several 

minutes) the velocities 

b) of transverse waves in 
the uppermost crust no 

C longer play an impor- 

tant role. The veloci- 
ties of Love waves with 
various lengths (peri- 
|~ ods) in a given region, 
give approximate veloc- 

ities of transverse waves 

at various depths in that 


D| region. A more exact 
theory for this purpose 
ok 


has been worked out 
and is still being im- 
proved. 

Recent investiga- 


IGURE 2.—. Of wcidence jor a certain distanc 
the results thus found 
(a) Wave reflected at the surface of the earth under the Pacific 
Ocean; (b) wave reflected in a continent. 


for the velocities of 
transverse waves in the 
continental crust agree with the direct observations. In the western 
coastal region of North America, either the velocities in the uppermost 
layers are slightly higher than in the average of the continents, or, more 
probably, especially in consideration of the lesser thicknesses found from 


18 B. Gutenberg and C. F. Richter: On seismic waves {third paper], Gerlands Beitr. z. Geophysik, 
vol. 47 (1936) p. 73-131. 
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bodily waves in California, the layers are thinner there than in most 
of the continent. In the Pacific Ocean (excluding the southwestern part) 
observations indicate plainly either that there is a thin surface layer, 
of the type found in the deepest part of the continental crust, or that 
the “sima” extends completely to the surface, with a slightly smaller 
velocity of waves in the uppermost part, possibly due to lighter pressure. 
The absence of the sialic layers proper is clearly indicated. 

In the southwestern part of the Pacific Ocean (including the western 
part of Polynesia and the region west of the Marianne Islands) the 
velocities are only slightly higher than those found along the west coast 
of North America, indicating structure similar to that of the continents, 
but of lesser thickness. Either the layers are thinner or a part of them 
is missing. The same is true for all regions of the Atlantic and the 
Indian oceans. The velocities of the surface waves through these regions 
are intermediate between those for the Pacific Ocean and those for the 
continents. 

Some data concerning the north polar basin indicate that the structure 
there is similar to that in the Pacific Ocean; the sial is either missing 
or very thin. 

REFLECTED WAVES 

A new method, which may be used to ascertain whether or not there 
is a crustal layer at a certain point, has been published by B. Gutenberg 
and C. F. Richter.** If, in a certain region, there is no crustal layer 
with low velocity, the waves are reflected at the surface under the same 
angle a (Fig. 2a) under which they pass the deeper layers. If, however, 
there is a sialic crust with lower velocity, the waves are refracted and 
arrive steeper toward the surface of the earth than in the first case 
(Fig. 2b). If the velocity in the deeper layer is a and the velocity near 
the surface is b, the result is: sin 8/sina —=b/a. As a is about 8 km/sec 
and b about 514 km/sec, 8 may be noticeably smaller than «. 

At the point of reflection, a part of the arriving energy is reflected 
into a longitudinal wave, the rest into a transverse wave. The amount 
of energy which goes into the reflected longitudinal wave depends on the 
angle of incidence (@ in Fig. 2a, 8 in Fig. 2b) and on Poisson’s ratio, 
which is nearly the same for most rocks, but not on the velocity itself. 
Assuming an average value for Poisson’s ratio, one finds that the follow- 
ing fractions of the arriving energy are reflected into the longitudinal 
waves, if 7 is the angle of incidence: 


i 0 10 20 30 40 50 60 70 80 85 90° 
f 100 092 0.70 044 021 0065 0011 0.003 0050 023 1.00 


4B. Gutenberg and C. F. Richter: On seismic waves [second paper], Gerlands Beitr. z. Geophysik, 
vol, 45 (1935) p. 280-360. 
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Angles of incidence over 70° occur only at short distances (less than 1,000 
kilometers), where the reflected wave usually is not observed. For 
smaller angles of incidence (larger distances) the percentage of original 
energy in the reflected wave should increase as the angle i decreases. 
Figure 2b shows that the angle of incidence is smaller where there is a 
continental crust. Longitudinal waves, reflected at a point with con- 
tinental crust, therefore, should have a greater amplitude than waves 
reflected under the same conditions at a place where the sima, or a 
layer with a similar high velocity, forms the surface of the earth. Very 
thin layers would be of small influence, if their thickness is a fraction 
of the wave length. 

Calculation, in which the loss of energy of the longitudinal wave due 
to the refraction at the crustal layers was considered, indicated that 
waves reflected in the continents were recorded at a distance of 30 degrees 
from the epicenter, as about twice as large as those reflected from a point 
where the sima forms the earth’s crust; that they had four times the 
amplitudes at 45 degrees; and that the difference decreased with increas- 
ing distance. Comparison of reflections from the Pacific Basin with 
those from continents agreed well with these theoretical results, so that 
it was possible to apply this test to other regions of the earth. Results 
showed that all reflections from the bottom of the Atlantic and the 
Indian oceans that could be investigated were great, as in the continents, 
but that 11 out of the 13 recorded waves with reflection in the North 
Polar Basin were small, as in the case of reflection in the Pacific Ocean. 
Therefore, the Arctic Basin has either no sial or only a thin layer of 
sialic type. In some regions of the Pacific Ocean, it was possible in this 
way to trace the boundary of the sialic layer. In the eastern part, it 
usually follows the shelf closely, but, south of the Galapagos Islands, a 
few points have been found where the sialic crust exists far out beneath 
the ocean (near 25° 8. 85° W., 9° S. 91° W., and 20° S. 93° W.). 


BOUNDARY OF THE SIALIC LAYER 


First indication of the boundary between the regions with and those 
without continental layers is the narrow belt of earthquake epicenters 
around the Pacific Ocean. As the discontinuity between two regions is 
a zone of smaller breaking resistance than the material on either side, 
stresses should be easily released there by earthquakes. The earthquake 
belt agrees with that boundary, at least to a first approximation. The 
earthquake belt follows remarkably well the boundary as determined 
from other data in the preceding sections, except for the patches with 

4 sialic crust south of the Galapagos Islands. In the eastern part of the 
Pacific Ocean, it follows the coast line, then it passes along the Aleutian 


— 

ud 

| 


BOUNDARY OF THE SIALIC LAYER 1599 


Islands, Kamchatka, the Kurile Islands, to Japan, where it turns south- 
ward in the region of Tokyo, to the Bonin and the Marianne Islands. 
It crosses the Caroline Islands and turns in a southeasterly direction 
in the region of the Bismarck Islands, skirting the Solomon Islands and 
the New Hebrides. The next section is not well defined; Samoa belongs 
to the Pacific region, as already noted, and this is possibly true, also, 
for the Tonga Islands. The boundary probably passes through the region 
of the Kermadec Islands and follows the southeast coast of New Zealand. 
The southern boundary is not known, as only small earthquakes have 
had epicenters there in recent years, and there are not observatories 
enough in the southern half of the southern hemisphere to locate them 
accurately. 

Direct evidence, however, indicates such a boundary. Surface waves 
with periods of about half a minute, and less, lose a noticeable fraction 
of their energy in passing the boundary of the Pacific Basin. Surface 
waves, produced by a given earthquake, that have not passed the bound- 
ary are recorded with amplitudes several times as great as those recorded 
at nearby stations, which are reached by waves that have crossed the 
boundary. In longer surface waves, this difference decreases, indicating 
that the discontinuity does not extend to depths of the order of a hundred 
kilometers. No such loss of energy has been found in waves that have 
passed the boundaries of the Atlantic or the Indian oceans, nor in waves 
through the Arctic Basin. In the latter case, possibly the region without 
sialic layer is too small to show such an effect, or there is a thin layer 
of sial. However, the data concerning the Arctic are still scanty. 


STRUCTURE OF THE EARTH’S CRUST AND THE FLIESSTHEORIE 


Thus, without doubt, there are two completely different types of crustal 
structure: (1) regions with a “continental” layer (frequently called 
“sial”) and (2) regions without such a crust. The velocity of longi- 
tudinal waves is, in general, less than 7 km/sec in the sial and over 
7 km/sec in the sima. It is a minor question, whether the deepest layer 
of the continental crust found in some regions, with a velocity of about 
71% km/sec, belongs to the sial or to the sima; the velocity in this 
material under the pressure of one atmosphere may be less than 7 km/sec. 
This material may or may not be similar to the material that forms the 
uppermost part of the crust of the Pacific Ocean. The corresponding 
limit in the velocity of the transverse waves is about 4 km/sec. 

The velocity V of longitudinal and v of transverse waves is— 

k = bulk modulus 


S = density 
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Contrary to a current belief, a higher velocity is not due to a greater 
density, but to greater elastic constants. As the density increases with 
increasing depth, the elastic constants must increase much faster. No 
extended areas have thus far been found in the continents with wave 
velocities as high as those in the sima. From measurements of the 
elastic constants in rock samples, high velocities would be expected, for 
example, in dunites, peridotites, and gabbros. The problem is still more 
complicated by the possibility that the material is molten (not liquid) 
at a depth below 60 or 70 kilometers. 

In any case, results of recent studies of the structure of the earth’s 
crust indicate the correctness of the basic assumptions of the Fliess- 
theorie: the continents are not single blocks of sial surrounded by the 
sima, but the “continental crust” (sial) extends throughout, across the 
Atlantic and the Indian oceans and in the southwestern part of the 
Pacific Ocean. The exact thickness of the sial in these oceanic regions 
is not known; it is probably, in general, about 20 kilometers, as com- 
pared with the thickness of 40 to 50 kilometers found in most parts 
of the continents. As already noted, the study of earthquake waves 
indicates decreasing thickness in some coastal regions. Also, the experi- 
ments of Ewing, Crary, Rutherford, and Miller*® are in favor of such 
an explanation, as far as the shelf region near Cape Henry, Virginia, is 
concerned. Such experiments would add important information for these 
problems if they could be carried out along various coasts, and if reflec- 
tions could be secured at points beyond the shelf. 

Contrary to the belief of Wegener, the bottom of the Atlantic Ocean 
is not a large plain; the profiles across it show a surface that is, in 
general, rougher than the continents. Great differences in thickness of 
the sialic layer are to be expected, even outside the Atlantic Ridge. 

The bottom of the Pacific Ocean and that of the major part of the 
Arctic Basin consist of a material that has elastic properties close to 
those of the material below the sial in the continents. It is a matter 
of definition whether the uppermost layer of these regions is called sial 
(with properties close to the sima) or sima (with properties approaching 
the sial). It is not unlikely that the sima at the surface of the Arctic 
Basin and that of the Pacific Ocean were connected in the early history 
of the earth and that the sial, spreading over the sima from both the 
Asiatic and the American continents, has covered the sima in a rela- 
tively narrow belt across the Bering region. But this possibility is of 
no importance to the Fliesstheorie. 


15 Maurice Ewing, A. P. Crary, and H. M. Rutherford: Geophysical investigations in the emerged 
and submerged Atlantic Coastal Plain: Part I—Methods and results (abstract) Geol. Soc. Am., Pr. 
1935 (1936) p. 75. 

B. L. Miller: Geophysical tigati in the emerged and submerged Atlantic Coastal Plain: 
Part II—Geologic significance of the geophysical data (abstract) Geol. Soc. Am., Pr. 1935 (1936) p. 93. 
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The fact that the sial extends, with a considerable thickness, across 
the Indian and the Atlantic oceans contradicts Wegener’s theory in its 
original form, but the results on the elastic properties of the earth’s 
crust are in excellent agreement with the Fliesstheorie. The next ques- 
tion is as to whether this is also true, concerning the viscous properties. 
The existence of earthquake foci at a depth as great as 700 kilometers 
has led several investigators to the belief that there is great strength at 
such depths, which would prohibit elastic flow. 


DEEP-FOCUS EARTHQUAKES 


The possibility of earthquakes originating at great depths has been 
discussed since the early days of seismology. The general belief was 
that deep foci could not exist, as there is no strength at such depths 
and, therefore, no accumulation of stresses. Therefore, Turner was not 
believed when he stated in 1922 that foci exist at depths of several 
hundred kilometers, for, occasionally, the waves through the interior of 
the earth arrive much too early near the antipodal region to be explained 
by a shock from a normal depth of less than 60 kilometers.** In spite 
of the established fact that these differences in time of arrival of the 
first impulse may exceed one minute and despite his continued publishing 
of examples, his interpretations were not believed, partly because the 
existence of deep foci seemed to be impossible, and partly because he 
also published cases in which the waves arrived too late at the antipodes 
but which he treated as earthquakes with a focus several hundred kilo- 
meters above normal. No such cases of apparent high focus have occurred 
recently. They were probably due partly to incorrect readings and 
partly to incorrect assumptions on the coordinates of the epicenter. 

The existence of deep foci was proved beyond doubt when, in 1928, 
Wadati ** showed that there are two distinct types of earthquakes in 
Japan. In normal shocks the transverse waves arrive in the epicentral 
region a few seconds after the longitudinal; the earthquakes are strong 
there; the effects decrease rapidly with distance. In the second type, 
the deep shocks, even in the epicentral region, the transverse waves 
arrive much later—up to one minute—than the longitudinal waves; the 
shock is felt over a wide area, sometimes the whole of Japan, but nowhere 
serious damage is done. The first waves arrive almost simultaneously 
over a wide area around the epicenter. It has since been shown in many 
cases that these are shocks in which the first waves arrive too early at 
great distances. Another observed fact, predicted by theory, is that 


16H, H. Turner: On the arrival of earthquake waves at the antipodes and on the measurements of 
the focal depth of an earthquake, Roy. Astron. Soc., London, Geophys. Suppl., Monthly Notices, 
vol. 1 (1922) p. 1-13. 

17K, Wadati: On shallow and deep earthquakes, Geophys. Mag., Tokyo, vol. 1 (1928) p. 162-203; 
vol, 2 (1929) p. 1-37; vol. 4 (1931) p. 231-283. 
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deep-focus earthquakes have no clear surface waves, especially none 
with wave lengths of less than 100 kilometers. Usually, this gives the 
seismograms an appearance that indicates at once great depth of focus. 
Certain phases, which are not clear in normal shocks and which are due 
to waves reflected at the surface of the earth near the epicenter, have 
been used in the study of deep-focus earthquakes by F. J. Scrase and 
by V. C. Stechschulte. These, and other phases, now enable one to 
determine the depth of deep-focus earthquakes, within 10 or 20 kilo- 
meters, regardless of the absolute value of the depth, in all cases where 
enough records are available. 

A statistical survey of all deep-focus earthquakes for which the loca- 
tions and depths have been investigated and published in the Interna- 
tional Seismological Summaries (Oxford) for 1919-1928 has been made 
by Conrad.** His list contains about 200 shocks considered deep by 
the editors of the Summary (H. H. Turner, F. A. Bellamy, E. F. B. 
Bellamy, J. S. Hughes, and others). Unfortunately, Conrad included the 
shocks with “high” focus. It is difficult to estimate the number of normal 
shocks of equal intensity during the same time, for many of the shocks 
reported were relatively small shocks from Europe. The deep-focus 
earthquakes probably represent between 5 and 20 per cent of all shocks 
of a larger magnitude, but there is no doubt that their frequency is 
greater in certain regions, such as Japan, South America, and Polynesia, 
and they are completely unknown in others. Moreover, their frequency 
in a given region is not constant during time intervals of a few years. 

It is not yet possible to answer definitely the question as to how 
frequently earthquakes occur at a given depth nor is there general agree- 
ment as to what depth it is that the “deep” shocks begin. The depth of 
“normal” shocks doubtless extends down to 50 kilometers. The average 
normal depth is generally considered to be about 25 kilometers, and 
there seems to be a decrease in number with increasing depth beyond that 
average. It would be of great importance to know whether or not there 
is a minimum at depths of 60 to 70 kilometers, corresponding to the 
theory that at that level lies the boundary between the crystalline and 
the glassy state. There are numerous recorded cases of foci in the range 
between 100 and 200 kilometers; indeed, the data of Conrad indicate a 
maximum number of foci in this range, although this should not be given 
too great weight, for the basic data were not very accurate at that time. 
There is, however, little doubt that the number of deep-focus earthquakes 
with foci deeper than 400 kilometers decreases with depth. The deepest 
foci recorded are near 700 kilometers. It may be noted that there seems 


18'V. Conrad: Die zeitliche Folge von Beben mit tiefem Herd, Gerlands Beitr. z. Geophysik, vol. 
40 (1933) p. 113-133. 
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to be no decrease in the average magnitude of the shocks with depth; 
in fact, some of the shocks to which the greatest depths have been 
assigned are among the largest. Deep-focus earthquakes have been 
recorded only in regions where there had also been recently rather strong 
shallow shocks, but deep-focus earthquakes have not been recorded every- 
where in regions of shallow shocks. Most of them have been recorded 
from the belt of shallow shocks in the western half of the Pacific Ocean 
and in South and Central America. No deep-focus shocks are known 
from northern Mexico, the United States, and western Canada. Another 
region of deep foci is central Asia (region of the Hindu Kush). A very 
few seem to have occurred in the bottom of the Atlantic Ocean, and a 
few shocks with depths probably not over 200 kilometers have been 
recorded in, and around, the Mediterranean. Shocks in other regions 
have either not a well-known depth or the epicenter is not well known. 
Shocks with depths of more than 300 kilometers are known only from 
Japan and its neighborhood, Polynesia, and South America. 

Most shocks around the Pacific originate at points “inland” from the 
epicenters of normal shocks. In South America, this fact has already 
been recognized by Turner, and in Japan by Wadati.° In both regions, 
most of the foci are on surfaces dipping between 30 and 60 degrees away 
from the Pacific Ocean. 

The prevailing depth is not the same everywhere. In some regions, 
depths of foci about 400 kilometers are most frequent; in others, about 
600 kilometers. This is probably partly due to the fact that deep-focus 
earthquakes, like normal shocks, occur again and again near the same 
point. Thus, between 1921 and 1935, in the region of 36.4° N., 70° E., 
at a depth of 220 kilometers, seven large shocks (besides many small 
ones, which have not been investigated) occurred at the same place within 
the limits of error—less than 50 kilometers in radius and 20 kilometers 
in depth.” Similar facts are known concerning other regions and greater 
depths. Aftershocks, too, are occasionally recorded. Unless the shocks 
are due to an explosion or a collapse, these facts indicate that the stresses 
that produce the earthquakes at such depths may accumulate just as fast 
as they do in normal shocks. 

When the existence of deep-focus earthquakes was recognized, the first 
explanation was that they are due to thermodynamic processes, for no 
one would accept the idea of shearing movements, like those in normal 
shocks, in a viscous medium with no strength where there seemed to be 
any possibility of an accumulation of stresses. The hypothesis that they 


19K. Wadati: On the activity of deep-focus earthquakes in the Japan islands, Geophys. Mag., 
Tokyo, vol. 8 (1935) p. 305-326; reprints of maps in “Nature’’, vol. 136 (1935) p. 782-784. 

2B. Gutenberg and C. F. Richter: Further contribution to the study of deep-focus earthquakes, 
Seismol. Soc. Am., Pr., April 17, 1936. 
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are due to an explosion or a collapse was excluded, however, when sev- 
eral Japanese and other seismologists ** found that, in the epicentral re- 
gion of the deep-focus earthquake, sectors with an initial compression 
and sectors where the first impulse is a dilatation occur in a regular pat- 
tern, just as they do in normal shocks. This fact—that the motion in 
certain sectors begins toward the focus; in others, away from it—excludes 
an explosion or collapse-like movement in the focus; it indicates the 
existence of shear and faulting, in a similar way, in deep-focus, as in 
normal, earthquakes. 

Both types of shocks show another effect, at least in many regions of 
the earth. Movements of certain blocks continue in the same direction. 
It is, therefore, not astonishing that, at a given station, shallow earth- 
quakes begin, again and again, with the same type of movement. At 
the southern California stations, the movements due to Alaskan shocks, 
for example, usually begin with a dilatation (movement of the ground 
toward the epicenter), but at stations in Europe, Asia, and other regions, 
the record usually begins with compression. On the other hand, out of 
21 shocks with sharp beginning, originating at shallow depth in Poly- 
nesia (except in the region of Samoa) the Pasadena record of 20 began 
with compression. It was a surprise to C. F. Richter and the writer to 
find not only that deep-focus earthquakes from a given region also show 
the same type of beginning, but that this beginning is the same in deep 
and in shallow shocks, from each region where data are available. All 
deep-focus shocks from South America with clear beginning (about 20) 
have recorded with a dilatation at Pasadena, and 14 out of 16 shocks 
from Polynesia (except Samoa) with a compression. All seven deep- 
focus shocks from central Asia produced a compressional longitudinal 
wave everywhere in Europe; no sufficient data are available for other 
regions. The few records of shallow, as well as deep, earthquakes origi- 
nating near Samoa, with one exception, started with a dilatation in south- 
ern California. This difference between shocks from the Samoa region 
and the major part of Polynesia may find its explanation in the fact that 
Samoa, unlike the major part of Polynesia, lies in the region with Pacific 
structure. 

The conclusion to be drawn from all these observations is that deep- 
focus earthquakes are neither produced by an explosion-like event nor 


21K. Sagisaka: A relation between the motion at a hypocenter and the types of seismogram, Geo- 

phys. Mag., Tokyo, vol. 3 (1930) p. 165-176. 

H. Honda: On the types of seismograms and the mechanism of deep earthquakes, Geophys. 
Mag., Tokyo, vol. 5 (1932) p. 301-326. 

K. Wadati and T. Isikawa: On deep-focus earthquakes in the northern part of the Japan Sea, 
Geophys. Mag., Tokyo, vol. 7 (1933) p. 291-306. 

Andrew Leith and J. A. Sharpe: Deep-focus earthquakes and the strength of the earth, (abstract) 
Geol. Soc. Am., Pr. 1935 (1936) p. 88. 
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by a collapse of material but by differential movements along “faults.” 
In the regions from which there are sufficient data, these movements are 
in the same direction in deep and in shallow shocks. The “faults” are 
farther inland around the Pacific Ocean. This does not necessarily mean 
that they dip inland under angles of 30 to 60 degrees, but, more likely, 
that the faults at the greater depths are displaced in a direction away 
from the Pacific Ocean. If the Fliesstheorie be correct, this fact could 
be easily explained, for the sial of the continental crust, flowing at the 
surface toward the Pacific, must be replaced at depth by sima, flowing 
in the opposite direction. 

In regard to the “trigger forces,” deep-focus earthquakes show a be- 
havior similar to shallow shocks. Both types of earthquake seem to have 
periods of one year and half a year; both seem to indicate that stresses 
connected with the movements of the poles around their average posi- 
tion act as trigger forces, as Conrad found for deep-focus shocks; both 
seem to have, at least in certain regions, a frequency curve with two 
waves during the lunar day and the first maximum at a lunar hour angle 
of about 4" 7°, indicating a trigger effect of the tidal forces.”? 


STRENGTH AND VISCOSITY IN THE MANTLE OF THE EARTH 


Jeffreys’ definition of “strength” and “viscosity,” are here used: Vis- 
cosity is the ratio of the stress difference to twice the rate of shear during 
plastic flow. If a body has been undergoing deformation through plas- 
ticity, and the external stresses are gradually diminished, the plastic 
deformation in any element will cease at a certain stress difference—the 
strength. No set will be acquired until the stress difference surpasses the 
strength of the material.”* 

Viscosity and strength decrease as the temperature approaches the 
melting point. Just below the melting point, and at higher temperatures, 
materials have no strength. For this reason, it has been assumed that 
the strength decreases rapidly with increasing depth and is practically 
zero, possibly at depths below 50 kilometers, but at least at depths of a 
few hundred kilometers. The fact that the slight stresses, remaining 
from the melting of the ice after the ice age, still produce a rising of the 
areas in the Great Lakes region and north of it in North America, and 
in Scandinavia, indicates that plastic flow is possible at relatively slight 
depths and that the strength must decrease rapidly with depth. Isostasy 
would be impossible, if there were noticeable strength at depths of a few 


22 For normal shocks, see V. Conrad: Die Gezeiten der festen Erdkruste als auslésende Bebenur- 
sache in Handbuch der Geophysik [Gutenberg], vol. 4 (1932) p. 1127-1133. 
For deep-focus shocks, see H. T. Stetson: The correlation of deep focus earthquakes with lunar 
hour angle and declination, Sci., vol. 82 (1935) p. 523-524. 
3H. Jeffreys: The earth, 2nd ed. (1929) p. 181-185. Cambridge. 
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hundred kilometers. (Contrary to a widespread belief, rigidity is not 
involved in problems of viscosity and plastic flow; rigidity measures the 
resistance against elastic shear; it is to be used only in problems where 
the material resumes its original form as soon as the shearing stress 
ceases.) 

The cause of deep-focus earthquakes seems due to one of two possi- 
bilities: either the stresses originate suddenly, or there is great strength 
at depths down to 700 kilometers, which makes accumulation of stresses 
possible during the period of several years—the time interval between 
succeeding shocks in the same region. The first possibility seems to 
have been eliminated by recorded facts; the second possibility would 
mean that isostasy is impossible. The latter hypothesis has, therefore, 
been adopted by only a few,”* but in all publications 75 on this problem, 
authors are clearly at pains to indicate that both possibilities meet seri- 
ous objections. 

Apparently, it has been overlooked that there is a third possibility, 
which the writer ?* has offered as explanation in lectures, and which 
avoids all difficulties: viz., that the material at these depths has no 
strength, but the viscosity is so great that plastic flow takes place slowly. 
This would enable the restoration of isostatic equilibrium, if it is dis- 
turbed, in the course of hundreds or thousands of years, but would not 
prevent, on the other hand, the accumulation of stresses during a few 
years. The fact that the equilibrium in the Great Lakes region and in 
Scandinavia is not yet complete, is not only in favor of such an assump- 
tion, but even requires it. Haskell’s more detailed theoretical con- 
siderations on the latter problem indicate that the stresses produced by 
a surface load extend to great depths.?” Neglecting the effect of com- 
pressibility, he finds that an ice sheet with a radius of 1000 kilometers 
and a thickness of 1500 meters would, at a depth of about 3000 kilo- 
meters, produce about half the displacement that occurs at the surface. 
Although these figures would be greatly reduced if the effect of compres- 
sibility be considered, the fact remains, that such a surface load pro- 
duces relatively great stresses at the beginning and relatively great dis- 


% J. S. De Lury: Geologic deductions from earthquakes of deep focus, Jour. Geol., vol. 43 (1935) 
p. 759-764. 

Andrew Leith and J. A. Sharpe, op. cit. 

25 V. C. Stechschulte: The Japanese earthquake of March 29, 1928, and the problem of depth of 
focus, Seis. Soc, Am., Bull., vol. 22 (1932) p. 119; Deep-focus earthquakes and isostasy, Sci., n.s., 
vol. 83 (1936) p. 206. 

W. T. Thom: Deep-focus earthquakes and isostasy? Sci., n.s., vol. 83 (1936) p. 32. 
F. J. W. Whipple: Recent ad in sei logy, Nat., vol. 136 (1935) p. 782-784. 

% B. Gutenberg: Structure of the earth’s crust and the spreading of the continents, (abstract) Geol. 
Soc. Am., Pr. 1936 (1937) Cordilleran Sect. 

*7N. A. Haskell: The motion of a viscous fluid under a surface load, Physics, vol. 6 (1935) p. 265- 
269; vol. 7 (1936) p. 56-61. 
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placements after flow has taken place, for a long interval of time, at the 
depths at which deep-focus earthquakes occur. One may safely con- 
clude therefore, either that stresses, acting in the uppermost crust and 
producing shallow earthquakes there, induce almost as great stresses at 
depths of a few hundred kilometers, or that the stresses originate at these 
great depths, and that the stresses producing the shallow earthquakes 
are only a consequence of these deep-seated stresses. Possibly, both 
types of mechanism occur. In either case, the mechanism of the deep 
and that of the shallow earthquakes would be substantially the same. 
The geographical location and the depth of the shocks in regions of great 
stresses would depend mainly on the breaking strength—the maximum 
resistance against break due to shearing forces—of the material. In 
general, the breaking strength is probably lowest where two regions with 
different structure join and in areas that have recently undergone great 
changes. 

All these hypotheses are in agreement with the facts, and it even seems 
possible, in the course of time, to get a better understanding of the acting 
stresses. 

One more important conclusion may be drawn from the paper of 
Haskell. He has calculated data concerning the speed of the flow pro- 
duced by a load of great dimensions. Assuming a coefficient of viscosity 
of the order of lo”? gr/cm sec, he finds that half of the final displacement 
would not be reached before about 800 years, if the load has a diameter 
of 2000 kilometers, and after about 8000 years in case of a diameter of 
200 kilometers. Various geophysical investigations ** have indicated 
that the coefficient of viscosity in the mantle of the earth is more than 
10° gr/em sec. The calculations of Haskell indicate, therefore, that, 
regardless of his calculations of the viscosity from the rise of the land 
in the areas that were covered by ice during the ice age, the effect of 
plastic flow is very small within ten years. 

Despite the fact that the occurrence of earthquakes at great depths 
has been considered—and is still considered by many—as a disturbing 
element in the present picture of the earth’s crust and its changes, it not 
only fits in very well, but is helping to clear up some problems. One 
must, however, cease to believe that stresses accumulate only in the 
uppermost part of the crust and must consider the fact that there is strong 
interaction between the stresses at greater depths and those close to the 
surface. Each subcrustal flow produces stresses at the surface, and each 
formation of mountain ranges disturbs the equilibrium at all depths down 
to many hundreds of kilometers. 

The Fliesstheorie has been given a new impulse by these findings. 


% B. Gutenberg: Handbuch der Geophysik, vol. 2 (1933) p. 529-557. 
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DETAILS CONCERNING THE FLIESSTHEORIE 


As already mentioned, the extension of the sial, the location of the 
continents (thickness of the sial at a given place), and the movements 
of a given point relative to the poles, which are considered as connected 
with the sial, must be learned from geological and paleontological 
studies. Especially the situation of the sialic block as a whole, for a 
given period can be found only in this way. 

The changes in the climate of Spitzbergen, for example, in the course 
of geologic eras and the occurrence of coal there scarcely can be ex- 
plained by assuming the same latitude for Spitzbergen during all these 
times, for regions that today are closer to the equator had much colder 
climate at the time when the coal-bearing sediments were deposited in 
Spitzbergen. The same is true concerning the coal on the arctic islands 
west of Greenland. Furthermore, to quote Darrah’s discussion concern- 
ing Little America (Antarctica) : 

“The occurrence of a well-developed vegetation during Mesozoic times at a polar 
region deserves an explanation. Either the land-masses were located differently . . . 
or there was a marked difference in climate. The Wegnerian hypothesis . . . would 


offer an apparent explanation. . . . Perhaps of more significance . . . is the presence 
of good, relatively thick, coals on Mount Weaver.” ® 


To explain the existence of coal in the north polar region and in Ant- 
arctica, certain assumptions must be made; it seems to the writer that 
no hypothesis thus far presented better fits the observations, as well as 
the theory, than the assumption that the whole continental block has 
moved. 

Some data concerning the history of Great Britain in the light of the 
Fliesstheorie have been given by Lake.*® Wade writes: “The author’s 
personal observations in New Guinea, Timor and the east Indies tend 
to confirm Gutenberg’s view so far as this region is concerned.” ** In an- 
other paper,®* he extends this statement to Australia and discusses other 
structural problems connected with the Fliesstheorie. 

All, including the writer, agree that it is impossible for one man—and 
especially a geophysicist—to discuss all details involved with the Fliess- 
theorie. It is the geophysicist’s task to outline the general problem and 
to test the physical foundations, but the detailed mapping of the world 
and of the distribution of the sialic parts in each period must be done 


® William C. Darrah: Antarctic fossil plants, Sci., vol. 83 (1988) P. 390-201. 

® Philip Lake: Gutenberg’s Fliesstheorie; a theory of , Geol. Mag., vol. 70 
(1933) p. 116-121. 

A, Wade: The distribution of oil-fields from the view point of the theory of continental spread- 
ing, World Petroleum Congress, Pr., 1933. 

A. Wade: New theory of continental spreading, Am. Ass. Petr. Geol., Bull., vol. 19 (1935) p. 
1806-1818. 
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by geologists and paleontologists. They are familiar with the funda- 
mental data and need not rely only, as Wegener and the writer had to do, 
on papers by others, with little possibility of independent judgment con- 
cerning the methods and the accuracy of the findings. The writer, there- 
fore, refrains from any attempt to improve his original maps or to add 
sketches for earlier periods. 

A major unsolved problem for the geophysicist is the finding of the 
forces that produce the great stresses that disturb the earth’s equilibrium. 
It is a general belief that thermodynamic processes are involved, and 
one should keep in mind that what are now regarded as two problems 
possibly may be only one, regarded from different angles. In consider- 
ing the problems observed in this paper, the main question is: whence 
come the great energies? For those investigating the problem of the tem- 
perature of the earth, the question arises: where does all the energy go? 
The scientists are at great pains to find a solution accounting for that 
large fraction of heat, which, according to the findings of the geochemists, 
is produced by radioactive processes in the interior of the earth, but 
which, according to the measurements of the thermal gradient at many 
points of the continents, does not pass the surface of the earth. The 
possible importance of this heat for the movements in the earth’s crust 
has been stressed by Joly, Holmes, and others, but the problem—how 
the energy liberated in the radioactive process is finally used up in moun- 
tain-making—is still unsolved. 


CONCLUSIONS 


Investigations concerning the propagation of earthquake waves have 
led to the conclusion that the part of the earth’s crust covered by sial 
comprises the continents, the Atlantic and the Indian oceans, and the 
main part of Polynesia. The sialic crust under the continents has, in 
general, a thickness of 40 to 50 kilometers. It decreases toward the 
oceans and probably has about half that thickness in the bottom of the 
Atlantic and the Indian oceans. This fact contradicts the theory of 
Wegener, for there is so much sial between the continents that they never 
could have been as close together as Wegener assumed. The Fliesstheorie, 
however, in a simple way, explains many other facts; therefore, the 
writer assumes that the continents have changed their distances and 
positions by plastic flow, but that, otherwise, the history of the continents 
and oceans corresponds roughly to the sketch given by Wegener. The 
movements in the regions covered by ice during the ice age present an 
example of such a flow and indicate the speed to be expected in such a 
flow. Calculations by Haskell provide more detailed data and show that 
stresses not only effect the region at the depth where they occur but 
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also produce flow at depths extending over hundreds of kilometers. Deep- 
focus earthquakes have properties similar to the shallow shocks in the 
same region. In the regions surrounding the Pacific Ocean, they usually 
occur inland of the shallow shocks, probably due to the fact that, at the 
surface, the load of the continents produces a flow toward the Pacific, 
but at depth there is a compensating movement in the opposite direc- 
tion. The details of the movements of the continents in time and space 
must be found by special geological and paleontological investigations. 
The illustrations here given (Fig. 2) are a first approximation and could 
be extended to earlier periods by using the findings concerning these pe- 
riods. Theoretical speculation, based on the acting forces, is not yet 
possible, for the forces that disturb the equilibrium of the earth’s crust 
are not yet known. Possibly, they are due to thermodynamic processes, 
which are maintained by heat from radioactivity. 


Cattrornia INstiTUTE oF TecHNOLOGY, Pasapena, CaLiF. 
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INTRODUCTION 


ATLANTIC COASTAL TERRACES 


On the Atlantic Seaboard, south of the terminal moraine, the Pleisto- 
cene formations are composed of gravel, sand, silt, and clay, ranging 
in thickness from a few feet to a score or more. They lie unconform- 
ably on the unconsolidated sediments of the Coastal Plain. At many 
places, these deposits form terraces, with what is considered to be a low 
wave-cut bluff, or beach ridge, at the landward margin. So characteristic 
is the terrace aspect that the formations are frequently spoken of as ter- 
races. A series of these terrace remnants ranges from 25 to 270 feet above 
sea level, and possibly higher. The higher ones are largely discontinuous 
and patchy; the lower ones are fairly continuous broad stretches of flat 
country, 30 to 50 miles wide. These terraces become increasingly more 
conspicuous, as one goes southward from New Jersey. The higher ones 
are considerably eroded by streams, but the lower ones are little affected 
by surface erosion. 

In the region under discussion (Delaware, Maryland, Virginia, North 
Carolina, South Carolina, and Georgia) the various terraces are regarded 
as coextensive with formations of the same name. McGee gave the name 
Columbia formation to the group of deposits, which, he said, consisted of 
“a series of deltas laid down along the inland margins of the Coastal Plain 
by the rivers, and a series of terraced littoral deposits connecting and grad- 
uating into the deltas and covering the remainder of the Coastal Plain to 
the Atlantic Ocean.” + Darton? discussed the terraces in the District of 


2W J McGee: The Columbia formation, Am. Assoc. Adv. Sci., Pr., vol. 36 (1887) p. 221-222. 
2N. H. Darton: An outline of Cenozoic history of a portion of the Middle Atlantic slope, Jour. 
Geol., vol. 2 (1894) p. 568-587. 
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Fiaure 1—Distribution of marine formations of Cape May-Pamlico age 
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Columbia area and concluded that they also were of marine origin. 
Shattuck * made a detailed study in Maryland and mapped three forma- 
tions of Pleistocene age (Sunderland, Wicomico, and Talbot). According 
to Shattuck, each formation was formed during a period of marine 
submergence, and they are separated from each other by periods of 
erosion. 

Johnson‘ and Stephenson,® working in North Carolina, also reached 
the conclusion that the Pleistocene terraces are partly, or entirely, of 
marine origin. Clark and Miller ® accepted the same interpretation for 
Virginia, as did Cooke’ for Georgia, and Matson ® for Florida. Stephen- 
son, in his studies in North Carolina, first recognized the presence of 
the Pamlico terrace and formation. 

On the other hand, Salisbury and Knapp ® concluded that the New 
Jersey formations that are equivalent to the Columbia formation are 
largely of subaerial or fluvial origin and partly marine or estuarine. 
Hay *° believed that the terraces were almost entirely the product of 
river action. 

The marine origin of the lowest (most recent) terrace is easily dem- 
onstrated, because marine fossils have been found therein in all the 
States from New Jersey to Florida. No marine fossils have been found 
in any of the higher (Pleistocene) deposits; this, however, is not neces- 
sary proof of their non-marine origin, because, as pointed out by 
Antevs," the fossils may have been dissolved by carbonated rain water. 

Campbell,’* working in Maryland, believed that the Pleistocene de- 
posits above the 100-foot level are of alluvial origin; and Campbell and 
Bascom ** reached the same general conclusion regarding the Pensauken 


3G. B. Shattuck et al.: The Pliocene and Pleistocene of Maryland, Md. Geol. Surv. (1906) p. 21-37. 

*B. L. Johnson: Pleistocene terracing in the North Carolina Coastal Plain, Science, n.s., vol. 26 
(1907) p. 640-642. 

5L. W. Stephenson: Quaternary formations in Coastal Plain of North Carolina, N. C. Geol. Surv., 
vol. 3 (1912) p. 266-290. 

®W. B. Clark and B. L. Miller: Physiography and geology of the Coastal Plain province of Vir- 
ginia, Va. Geol. Surv., Bull. 4 (1912) p. 13-222. 

7C. Wythe Cooke: The Coastal Plain in Physical geography of Georgia, Ga. Geol. Surv., Bull. 42 
(1925) p. 19-54. 

8G. C. Matson: Geology and ground waters of Florida, U. S. Geol. Surv., Water Supply Pap. 319 
(1913) 445 pages. 

®R. D. Salisbury and G. D. Knapp: The Quaternary formati of thern New Jersey, N. J. 
Geol. Surv., vol. 8 (1917) 218 pages. 

10. P. Hay: On the geological age of the Walker Hotel Swamp deposit in Washington, D. C., 
and on the origin and age of the Coastal Plain terraces in general, Wash. Acad. Sci., Jour., vol. 14 
(1924) p. 255-264; A revision of the Pleistocene period in North America, based especially on glacial 
geology and vertebrate paleontology, Wash. Acad. Sci., Jour., vol. 15 (1925) p. 126-133. 

11 Ernst Antevs: Quaternary marine terraces in non-glaciated regions and changes of level of sea 
and land, Am. Jour. Sci., 5th ser., vol. 17 (1929) p. 37. 

12M. R. Campbell: Alluvial fan of the Potomac River, Geol. Soc. Am., Bull., vol. 42 (1931) 
p. 825-852. 

18M. R. Campbell and Florence Bascom: Origin and structure of the Pensauken gravel, Am. Jour. 
Sci., 5th ser., vol. 26 (1933) p. 300-318. 
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of New Jersey. Wentworth, working in Virginia, also favors a non- 
marine origin of terraces above the 100-foot level. 

Although the terraces have, in general, been mapped independently 
in each State, there are indications that they are continuous. One 
striking feature is their apparent horizontality. They appear to be at 
approximately the same altitude from Maryland to Florida. 

Antevs notes this apparent horizontality and attempts to correlate 
the terraces of the various States. Those of Florida, Georgia, and North 


Taste 1—Correlation of Coastal Plain terraces, according to Antevs 


Florida Georgia N. Carolina | Maryland | New Jersey 
Age Matson Cooke Stephenson | Shattuck | Salisbury 
1913 1925 and Clark 1906 and Knapp 
1912 1917 


Hazelhurst Unnamed 
260 feet 260 feet 
Pre-Glacial Lafayette 
Claxton Coharie 500 feet 
215 feet 235 feet 


1st Inter- Okefenoke | Sunderland | Sunderland | Bridgeton 
glacial 160 feet 160 feet 220 feet | 160-220 feet 
2nd Inter- Newberry | Penholoway} Wicomico Wicomico | Pensauken 
glacial 100 feet 100 feet 100 feet 100 feet 68-180 feet 
3rd (last) Tsala Apopka Satilla Chowan Talbot Cape May 
Interglacial 60 feet 60 feet 60 feet 45 ieet 40-50 feet 
Pensacola Pamlico 
40 feet 20 feet 


Carolina have been correlated and also those of Virginia, Maryland, 
Delaware, and New Jersey, and, according to Antevs, “there may be 
no serious objection to a correlation of the terraces north and south of 
Hatteras. However, the actual correlation of the high terraces is not 
obvious.” 

Antevs applies the principle of glacial control and shows that the 
glacial stages were times of low sea level and the interglacial stages times 
of high sea level. Therefore, the coastal terraces should date from the 
various interglacial stages. This is suggested, also, he says, by the fact 


%4C. K. Wentworth: Sand and gravel resources of the Costal Plain of Virginia, Va. Geol. Surv., 
Bull. 32 (1930) 146 pages. 
15 Ernst Antevs: op. cit., p. 37. 


| 
a 
i 
14 
| 
i 
| 
| 
iil 
al 
‘| 


1616 H. G. RICHARDS—PAMLICO FAUNA 


that the terraces are separated from each other by erosion, indicating 
a condition of low shore line, characteristic of the glacial stages, and by 
the fact that the flora and fauna of at least the lowest (Talbot-Cape 
May) is warmer than that of the present. 

In 1930, Cooke ** also noted the apparent horizontality of the coastal 
terraces of the south Atlantic seaboard. He interprets them as “records 
of high water due to the melting of the polar ice during interglacial 
stages and to changes of sea level caused by any movements of the sea 
bottom that may have taken place during the Pleistocene.” Later, he 
named the various terraces (from Maryland to Florida) and gave a 
tentative age to each.” 

In 1931, he recognized that the Talbot formation of Shattuck con- 
sisted of three terraces: the Talbot, at 42 feet; the Pamlico, at 25 feet; 
and the Princess Anne, at 12 feet. In his tentative correlation table, 
he suggests that these terraces were formed during “Wisconsin inter- 
glacial substages.” In 1935, he discarded this interpretation.'® 

In order to have intra-Wisconsin marine shore lines at 12, 25, and 42 
feet higher than present sea level, it would have been necessary to have 
had withdrawal of ice in Wisconsin time to beyond its present limit, for 
which there is no valid evidence. Any terraces formed above present 
sea level would date from interglacial stages. 

In his 1935 paper, Cooke questions the validity of the Princess Anne 
terrace (12 feet) and places the Pamlico (25 feet) in the Peorian inter- 
glacial stage. He believes that there was an erosion interval between the 
formation of the 42-foot (Talbot) terrace (restricted sense) and the 
25-foot (Pamlico), and suggests that this interval represents the Iowan 
glacial stage. The 42-, 70-, and 100-foot terraces, according to Cooke, 
were probably formed during the Sangamon interglacial stage. “An 
indication that there were probably no intermediate low stands of the 
sea immediately preceding the 70-foot and the 42-foot stands is suggested 
by the shape of the shore lines in South Carolina. These shore lines 
seem to indicate emergence rather than submergence.” 

Leverett *® also believes the 100-foot terrace (Wicomico) to be post- 
Illinoian (Sangamon). 

Table 2 is based on Cooke’s papers, especially the one of 1935. 


36 C, Wythe Cooke: Correlation of coastal terraces, Jour. Geol., vol. 38 (1930) p. 577-589. 

27C. Wythe Cooke: Seven coastal terraces in the southeastern States, Wash. Acad. Sci., Jour., 
vol. 21 (1931) p. 503-513; Tentative correlation of American glacial chronology with the marine time 
scale, Wash. Acad. Sci., Jour., vol. 22 (1932) p. 310-312. 

1%3C. Wythe Cooke: Tentative ages of Pleistocene shorelines, Wash. Acad. Sci., Jour., vol. 25 (1935) 
p. 331-333. 

2° Frank Leverett: Glacial deposits outside the terminal moraine in Pennsylvania, Pa. Topog. Geol. 
Surv., Bull. G-7 (1934) p. 33. 
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The horizontality of the coastal terraces south of the terminal moraine 
is not entirely proved. Leverett? believes that the Pensacola terrace 
in Florida is tilted, from about 40 feet elevation in eastern Florida and 
to about 25 feet in western Florida. Cooke ** believes that Leverett has 


Taste 2.—Correlation table based on the work of C. Wythe Cooke 


Approximate Name of 


altitude of terrace in Glacial and Earlier 
strand line southeastern interglacial stages name 
United States 
feet meters 
Nebraskan glacial stage 
270 82 Brandywine Aftonian interglacial stage Lafayette (part) 
Mg ? erosion ? Kansan glacial stage 


215 66 | Coharie ) 


Yarmouth interglacial stage Sunderland 
170 52 Sunderland 
? i erosion ? Illinoian glacial stage 
100 30 Wicomico 
Wicomico 


70 21 Penhaloway Sangamon interglacial stage 


42 13 Talbot 


? ? erosion Iowan glacial stage 
Talbot 


25 8 Pamlico Peorian interglacial stage 


Wisconsin glacial stage 


correlated the 42-foot (Talbot) terrace of eastern Florida with the 25- 
foot (Pamlico) terrace of the west coast of the State. However, whether 
or not the Pensacola be tilted in an east-west direction, the bulk of the 
evidence, as published, favors horizontality, from north to south, of the 
various terraces, south of New Jersey, or at least no appreciable tilting. 
This is particularly true of the 25-foot terrace. 


2 Frank Leverett: The Pensacola terrace and associated beaches and bars in Florida, Fla. State 
Geol. Surv., Bull. 7 (1931) 44 pages. 

%1C. Wythe Cooke: Seven coastal terraces in the southeastern States, Wash. Acad. Sci., Jour., 
vol. 21 (1931) p. 512. 
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Recent work in New Jersey *? has shown that the fauna of the marine 
part of Cape May formation is suggestive of a milder climate than that 
prevailing today, thereby supporting the view of Antevs that the Cape 
May dates from the last interglacial stage rather than from the Wisconsin 
as previously supposed. Most of the marine fossils were obtained from 
hydraulic dredging and excavations close to the present shore line. 
Farther inland, they are generally close to existing rivers or estuaries, 
and the species are principally brackish-water types. Although fossils 
are found no higher than 10 feet above sea level, it is thought that sea 
level was at least 25 feet higher than at present, because certain of the 
fossils indicate a moderate depth of water. The Cape May has been 
correlated, at least in part, with the Talbot of Maryland, as originally 
described by Shattuck. Nowhere along the Atlantic Coast from New 
Jersey to Florida are marine fossils reported from formations more than 
25 feet above sea level or, in other words, in terraces higher than the 
Pamlico. Therefore, because of this similarity in elevation and because 
of faunal resemblances, the marine part of the Cape May is correlated 
with the Pamlico. The mild water fauna from New Jersey to Florida 
suggests an interglacial age, probably the last. 

The field work was extended northward, and an attempt was made to 
correlate the Cape May formation with the glacial deposits of northern 
New Jersey and Long Island (MacClintock and Richards). Evidence 
showed that the Cape May antedates the Wisconsin and that it is 
probably equivalent to the deposits of the Gardiners formation on Long 
Island. The Gardiners also probably dates from the last interglacial 
stage. 

SCOPE OF PRESENT PAPER 

For the purpose of better correlating the Cape May deposits of New 
Jersey with those of the Pamlico, field work was carried on during various 
trips from 1931 to 1935. All important Pleistocene fossil localities 
between New Jersey and Florida were visited, and the fauna determined; 
in addition, many new localities were discovered and are recorded 
herein. 

This paper, in addition to recording the new data, brings together all 
available information on the Pleistocene marine fauna of the southern 
Atlantic Coastal Plain. 

As most of the work on the Pleistocene of the southern Atlantic Coastal 
Plain has been done by the several States individually, it has been found 
most convenient to discuss it State by State. The significance of the 


2H. G. Richards: Marine fossils from New Jersey indicating a mild interglacial stage, Am. 
Phil. Soc., Pr., vol. 72 (1933) p. 181-214. 
Paul MacClintock and H. G. Richards: Correlation of late Pleistocene marine and glacial deposits 
of New Jersey and New York, Geol. Soc. Am., Bull., vol. 47 (1936) p. 289-388. 
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fauna and the flora is also discussed under the headings of the various 
States, but the complete list of the fauna will be found in Table 4 
(p. 1647). 
DELAWARE 
PREVIOUS WORK 


Very little previous field work has been done on the Pleistocene of 
Delaware, except some early work of Chester,”* and the formation names 
usually applied are those used in Maryland. The following localities, 
all below the 25-foot contour, are referred to the Pamlico formation. 

LOCALITIES 

(1) Lewes, Sussex County, Delaware —Excavations for the Lewes-Rehoboth Canal, 
between Canary and Broadkill creeks (6 feet deep at low water), yielded nine species, 
of which some may be recent. 

(2) Rehoboth, Sussex County, Delaware—Between March and July, 1930, a real 
estate development, Henlopen Acres, was created by pumping sand from a yacht 
basin just off the Lewes-Rehoboth Canal into adjacent marshes. The fill was 
dredged from a depth of 21 feet. Eight species were found, some of which may 
be recent. 

(3) Indian River Inlet, Susser County, Delaware—Along the banks of the “new” 
Indian River inlet, about 2 miles south of Indian River coast guard station, on 
July 10, 1930, 23 species were found. Many of the shells were worn and dark in 
color, and it is thought that they are probably Pleistocene. 


(4) Ocean View, Sussex County, Delaware —A few shells were dredged from the 
Assowoman Canal at Ocean View, Delaware, just north of the Bethany Beach road. 
SIGNIFICANCE OF THE FAUNA 

The fauna, composed of dredged material, is undoubtedly mixed, for 
the marine Pamlico deposits are overlain in many places by recent muds. 
Except for Nassa vibex Say and Fulgur perversa Linnaeus from Indian 
River inlet, all the species are living today in the coastal waters of 
Delaware. F. perversa Linnaeus is not known alive north of Cape 
Hatteras, and N. vibex Say, although reported as far north as Cape 
Cod, is rare north of Virginia. All the species are found in the Cape 
May formation of New Jersey. 


MARYLAND 
PREVIOUS WORK 
Shattuck thoroughly discusses the Maryland Pleistocene fauna, par- 
ticularly from two localities from the Talbot formation in St. Marys 
County (Wailes Bluff and Langley’s Bluff). All the marine fossil locali- 
ties in Maryland lie below the 25-foot contour and are now referred to 
the Pamlico. 


3 Frederick D. Chester: The Quaternary gravels of northern Delaware, Am. Jour. Sci., 3rd ser., 
vol. 27 (1884) p. 189-199; Gravels of southern Delaware, Am. Jour. Sci., 3rd ser., vol. 29 (1885) 
p. 36-44, 
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Although Shattuck was not able to establish an exact correlation 
between the Talbot and the Cape May, the writer believes that the 
marine fossiliferous parts of each formation can readily be correlated. 


LOCALITIES ON EASTERN SHORE OF CHESAPEAKE BAY 
(5) Ocean City, Worcester County, Maryland—From fills from hydraulic dredg- 
ings from the bottom of Sinepuxent Bay, at South Ocean City, about 2 miles south 
of Ocean City, Maryland, 24 species were obtained. Nassa vibex Say was abundant, 
and there were some unusually large specimens of N. obsoleta Say. The fauna is 
mixed with recent material. 


(6) Federalsburg, Caroline County, Maryland—The Maryland Survey recorded 
in 1906, the following fossils from Federalsburg, but gave no exact locality: Ostrea 
virginica Gmelin, Arca transversa Say, Mangilia cerina (Kurtz and Stimpson), Nassa 
obsoleta Say, Columbella lunata Say, Eupleura caudata Say, Odostomia seminuda 
Adams, Odostomia impressa Say, Crepidula fornicata Linnaeus, Callinectes sapidus 
Rathbun (claws), and Balanus crenatus Brugiére. 

In November, 1934, the writer, accompanied by Paul MacClintock and M. E. 
Johnson, visited Federalsburg and found two fossil localities, both at Herring Hill, 
a mile north of the town. On the west side of Marshyhope Creek, near the site 
of an old mill, a layer of clay lies about 4 feet above tide. Oysters were most 
abundant, but specimens of Venus mercenaria Linnaeus, Mulinia lateralis Say, 
Mytilus hamatus Say, Crepidula fornicata Linnaeus, and Balanus sp. were also 
found. 

Higher up, on the west side of the road, at about elevation +28 feet, another 
layer of clay carries oyster shells, a few specimens of Nassa obsoleta Say, and a few 
fragments of Balanus sp. The discrepancy between this elevation (28 feet) and 
the Pamlico shore line (25 feet) is negligible. This locality is of particular interest 
because it is the highest record for marine Pleistocene fossils between New Jersey 
and Florida, inclusive. 

(7) Williston, Caroline County, Maryland—On the east bank of the Choptank 
River, about a mile north of Williston, a bluff, about 5 feet in height, carries a 
deposit of oyster shells, in places almost 2 feet thick. 

The writer was informed of this locality by Ralph Jackson, of Cambridge, 
Maryland. 

(8) Cooke Point, Dorchester County, Maryland—The Maryland Survey records 
a fossil specimen of the blue crab, Callinectes sapidus Rathbun, at the mouth of 
the Choptank River at Cooke Point. 

(9) Easton, Talbot County, Maryland—The Philadelphia Bulletin of March 24, 
1930, reported “a strata of oyster shells together with a deposit of ancient marine 
animal shells” at the depth of 8 feet in excavations from sewers along Glenwood 
Avenue, Easton. This account could not be verified. The Maryland Survey also 
records fossil oyster shells from near Easton. 

LOCALITIES ON WESTERN SHORE OF CHESAPEAKE BAY 

(10) Back River, Baltimore County, Maryland—The Maryland Survey records 
the freshwater mussel Unio complanatus Solander from the mouth of Back River. 

(11) Middle River, Baltimore County, Maryland—The Maryland Survey records 
Rangia cuneata Gray from “near Middle River, Baltimore.” 

(12) Sparrows Point, Baltimore County, Maryland—The Maryland Survey 
records Mulinia lateralis Say and Rangia cuneata Gray from a well at Sparrows 
Point, on the north side of the Patapsco River, near the mouth. 
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Ficure 1. WatLes BLurr 
Cornfield Harbor, St. Mary’s County, Maryland 


Ficure 2. Simmons Biurr 
Yonges Island, Charleston County, South Carolina. At high tide; most of the fossiliferous zone is 
below water. 
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Ficure 1. Peat in PAMLICO DEPOSIT 
Along Rappahannock River, between Taft and Mosquito Point, Lancaster County, Virginia. 


Ficure 2. MARINE FOSSILS IN CLAY 
Near Mosquito Point, Rappahannock River, Lancaster County, Virginia. 
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(13) Bodkin Point, Anne Arundel County, Maryland—At Bodkin Point, on the 
south side of the Patapsco River, near the mouth, the Maryland Survey records 
beds of dark-colored clay with casts of indeterminable Unios similar in character 
to those found at the famous Fish House locality in New Jersey. Immediately 
north of this locality, there are a number of high fossil cypress knees and stumps.2¢ 


(14) Port Covington, Baltimore County, Maryland—The Maryland Survey 
records Macoma calcarea Gmelin, a northern mollusk, from Port Covington, along 
the Patapsco River. 


(16) Greensbury Point, Anne Arundel County, Maryland.—C. T. Berry 25 recordar 
some poorly preserved casts of freshwater Unios associated with Pleistocene seeds, 
at Greensbury Point, on the Severn River, opposite Annapolis. 


(16) Drum Point, Calvert County, Maryland—The Maryland Survey reports 
Ostrea virginica Gmelin from Drum Point on the north bank of the Patuxent River, 
at its junction with Chesapeake Bay. Fossil plants are also recorded from the same 
formation near this locality. 


(17) Town Creek, St. Marys County, Maryland—Conrad 2¢ records a bed of 
oysters, 6 feet below the summit of a bank at the mouth of Town Creek. The 
Maryland Survey records Ostrea virginica “on shore opposite Solomons Island,” 
which is probably thé same locality. 

(18) South of Town Creek, St. Marys County, Maryland—“Some miles south 

.” of Town Creek, Conrad records Mulinia lateralis Say, Pholas costata Lin- 
naeus, and Arca transversa Say, 11 to 15 feet below the top of the bank of the 
Patuxent River. 

(19) Langley’s Bluff, St. Marys County, Maryland—This is a well-known Pleis- 
tocene locality along the shore of Chesapeake Bay, between Cedar Point and Point- 
No-Point, and about 2 miles east of Park Hall. The Maryland Survey records the 
following species: 


Mya arenaria Linnaeus Nassa obsoleta Say 
Tagelus gibbus Spengler Crepidula plana Say 
Unio complanatus Solander Polinices duplicata Say 
In 1928, Mansfield” found most of these species and the following, in addition: 
Leda acuta Conrad Acteocina canaliculata Say 
Nucula prozxima Say Mangilia cerina Kurtz and Stimpson 
Arca transversa Say Fulgur carica Gmelin 
Ostrea virginica Gmelin Fulgur canaliculata Linnaeus 
Venus mercenaria Linnaeus Nassa trivittata Say 
Mulinia lateralis Say Columbella lunata Say 
Rangia cuneata Gray Eupleura caudata Say 
Pholas costata Linnaeus Scalaria lineata Say 
%G. B. Shattuck et al.: The Pliocene and Pleistocene of Maryland, Md. Geol. Surv. (1906) 


p. 97-98, 140. 
L. W. Stephenson, C. W. Cooke, and W. C. Mansfield: Chesapeake Bay Region, 16th Intern. 

Geol. Cong., Guidebook 5 (1932) p. 41. 

%C. T. Berry: A Talbot cypress swamp at Greensbury Point, Maryland, Torreya, vol. 34 (1934) 
p. 85-91. 

%T. A. Conrad: Observations on a portion of the Atlantic Tertiary region, with a description of 
new species of organic remains, Nat. Inst. Wash., Pr., vol. 2 (1841) p. 188. 

27W. C. Mansfield: Notes on Pleistocene faunas from Maryland and Virginia and Pliocene and 
Pleistocene faunas from North Carolina, U. 8. Geol. Surv., Prof. Pap. 150-F (1928) p. 129-140. 
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Mansfield found most of these species in the lowermost Pleistocene bed (where 
it rests upon the Miocene). From the upper, or oyster, bed, he found only Ostrea 
virginica Gmelin and Venus mercenaria Linnaeus. 

The writer visited the locality in February, 1931, and in November, 1934, and 
was able to add Arca ponderosa Say, Crepidula fornicata Linnaeus, and Lyonsia 
hyalina Conrad, which were obtained from the lower Pleistocene layer. 


(20) Wailes Bluff, St. Marys County, Maryland.—This is the best-known Pleisto- 
cene locality in Maryland and one of the best known of the entire Atlantic Coast. 
It is located on the north bank of the Potomac River, about a mile above Corn- 
field Harbor and about 3 miles above the mouth of the Potomac. The bluff rises 
about 15 feet above the beach sand and is highly fossiliferous (PI. 1, fig. 1). 

Conrad ® first described the locality in 1830 and listed the fauna. His list follows, 
with the probable equivalents according to recent nomenclature: 


Acteon melanoides Conrad = Odo- Mactra lateralis Say = Mulinia la- 
stomia melanoides Conrad = O. teralis Say 
seminuda Adams Mya mercenaria Say = Mya arena- 


Crepidula convexa Say ria Linnaeus 


Crepidula glauca Say = variety of 
C. convera Say 
Fusus cinereus Say 

cinereus Say 
Nassa obsoleta Say 
Nassa trivittata Say 
Natica duplicata Say 
Natica interna Say = ? 
Ranella caudata Say 
caudata Say 
Scalaria 
Arca transversa Say 
Arca ponderosa Say 
Corbula contracta Say 
Clathrodon cuneata Gray == Rangia 
cuneata Gray 


Urosalpinz 


Eupleura 


Mytilus hamatus Say 

Nucula laevis Say = Yoldia limatula 
Say? 

N. concentrica Say = Leda acuta 
Conrad 

Pandora trilineata Say 

Petricola pholadiformis Lamarck 

Pholas costata Lamarck = Linnaeus 

Psammobia fusca Say = Macoma 
balthica Linnaeus 

P. lusoria Say = Tellina tenta Say? 

Solen carribeus Linnaeus = Tagelus 

gibbus Spengler 

Venus mercenaria Lamarck = Lin- 
naeus 

Venus 


Cytherea conveza Say = Callocardia 
morrhuana Linsley 


In 1842, Conrad again wrote of the locality and listed the fauna” His list differs 
from the one of 1830 largely because of newer descriptions of species and the 
splitting of earlier species. Cytherea convera Say appears as C. sayana Conrad, 
but both are now usually placed in the synonomy of Callocardia morrhuana Lin- 
sley, Psammobia fusca Say appears as Sanguinoloria fusca Say, both synonyms of 
Macoma balthica Linnaeus. The two species of Nucula of the 1830 list are Miocene 
species, and in the 1841 list, Conrad records N. limatula Say and N. acuta Conrad, 
evidently redeterminations of the same species mentioned in 1830. Among the 
gastropods, Natica interna Say, a Miocene form, is omitted. The 1841 list is the 
one usually quoted in connection with Conrad’s collections from Wailes Bluff. 


%T. A. Conrad: On the geology and organic remains of a part of the peninsula of Maryland, Phila- 
delphia Acad. Nat. Sci., Jour., vol. 6 (1830) p. 205-230. 

*®T. A. Conrad: Observations on the Tertiary strata of the Atlantic coast, Am. Jour. Sci., 
Ist ser., vol. 28 (1835) p. 104-111, 280-282. 
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In 1906, the Maryland Survey listed 39 species of mollusks, and 2 crustacea as 


follows: 


Pholas costata Linnaeus 

Corbula contracta Say 

Mya arenaria Linnaeus 

Mulinia lateralis Say 

Rangia cuneata Gray 

Ensis directus Conrad 

Cummingia tellinoides Conrad 

Tellina tenera Say 

Macoma balthica Linnaeus 

Macoma calcarea Gmelin 

Tagelus gibbus Spengler 

Petricola pholadijormis Lamarck 

Venus mercenaria Linnaeus 

Aligena elevata Stimpson 

Mytilus hamatus Say 

Elliptio (Unio) complanatus Solan- 
der 

Ostrea virginica Gmelin 

Arca ponderosa Say 

Arca transversa Say 

Nucula proxima Say 

Leda acuta Conrad 

Yoldia limatula Say 


Acteocina canaliculata Say 
Terebra dislocata Say 
Mangilia cerina Kurtz and Stimpson 
Fulgur carica Gmelin 

Fulgur canaliculata Linnaeus 
Nassa trivittata Say 

Nassa obsoleta Say 
Columbella lunata Say 
Eupleura caudata Say 
Urosalpinz cinereus Say 
Scalaria lineata Say 
Odostomia seminuda Adams 
Odostomia acutidens Dall 
Turbonilla interrupta Totten 
Crepidula fornicata Linnaeus 
Crepidula plana Say 
Polinices duplicata Say 


(Crustacea) 


Balanus crenatus Brugiére 
Callinectes sapidus Rathbun 


In 1920, Smith” reviewed the locality, attempting to list all species reported on 


good authority, and added the following: 


Pandora gouldiana Dail 
Divarcella quadrisulcata Orbigny 
Rochefortia planulata Stimpson 
Gemma gemma Totten 
Teinostoma cryptospira Verrill 
Scalaria humphrysii Kiener 


Scalaria multistriata Say 

Scalaria denticulata Sowerby 

Scalaria cf. senanae Orbigny 

Crepidula convera Say (recorded by 
Conrad) 

Triphoris perversa Linnaeus (Conrad) 


He reported both Callocardia morrhuana Linsley and C. sayana Conrad, but 


these are probably synonymous. 
which were not determined. 


In addition, there were some Pyramidellidae, 


Feet 


Smith gives the following section at the locality: 


Non-fossiliferous bed, sand, gravel, etc. ...............0..ceceeee 6 
Ostrea bed—sandy clay with great numbers of gigantic Ostrea 
virginica with which are associated Mytilus hammatus, Mya 
arenaria, and Crepidula eccevepsicon Mya more abundant to- 


ward the top 


Venus bed—blue-gray clay with large numbers of Venus mer- 


cenaria accompanied by fauna of Mulinia bed 


0-1 


FE. R. Smith: The Pleistocene locality at Wailes Bluff, Maryland, and its molluscan fauna, Mich. 
Acad. Sci., Rept. 22 (1920) p. 85-88. 
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Feet 


Rangia bed—blue-gray clay with the fauna of the Mulinia bed 
but with marked concretions of considerably worn valves of 
Rangia cuneata, no specimens found showing the two valves 
together in position as in life ..................ccessceeee 0-1 
Mulinia bed—main fossil-bearing bed, a lead-colored very 
sticky clay carrying the complete fauna. The large numbers 
of Mulinia lateralis are characteristic. The appearance of 
fissures filled with shells is due to the borings of Barnea 
costata, which in places are completely filled with smaller 
species of shells. Well-preserved specimens of Busycon cari- 
cum are also prominent features of this bed............... 0-6 


In 1928, Mansfield™ collected material from Wailes Bluff at United States Geo- 
logical Survey stations 8932 and 8933, the former station being the lower bed and 
the latter the upper, or oyster, bed. His section is as follows: 


Feet 

4. Unfossiliferous buff sand and gravel ....................0000-- 6-8 
3. Mainly coarse- to fine-grained angular quartz (sand packed with 

1. Mainly greenish compact clay mixed with a small amount of 

quartz sand and a few quartz boulders ...................... 4-5 


According to Mansfield, “the material in the upper part of bed No. 1 consists 
of shell fragments mixed with well-rounded quartz pebbles and fragments of 
lignitic material. . . . Nearly vertical pockets, the original openings of which may 
have been made by some boring crustacea or mollusks, are filled chiefly with Mulinia 
lateralis. ... Bed 2... contains Rangia cuneata and many shells of Venus merce- 
naria. Bed 3 is composed almost entirely of Ostrea virginica.” He lists the fauna 
of the lower (1 and 2) and the upper (3) beds separately, finding most of the 
species in the lower beds, but does not add any mollusks not hitherto reported 
from the locality. He does add two species of crustacea identified by Mary J. 
Rathbun as Cancer irroratus Say and Chloridella empusa Say. 

The writer has visited the locality on several occasions but has been able to add 
only one species, Venus campechiensis Gmelin, to the list. 

Cushman and Cole™ studied the Foraminifera from this locality. 

(21) Near Leonardtown, St. Marys County, Maryland—Conrad®™ recorded “a 
bed composed exclusively of the Gnathodon (Rangia cuneata) on the land of Mr. 
Ebb above the mouth of St. Marys River. The valves of the shells are frequently 
connected, and there can be no doubt that here was the spot where they lived 
and were imbedded; that this was a region of sand flats bared at low tide, the 
water brackish, as it is now; and that the deposit near the mouth of the Potomac 
(Wailes Bluff) was of the same period but more directly connected with the 
ocean.” 

The Maryland Survey records Rangia between Float (= Flood) and Poplar Hill 
creeks; J. S. Benedict, Jr., collected some shells of R. cuneata Gray and Ostrea 


W. C. Mansfield: op. cit., p. 130. 

#2 J, A. Cushman and W. S. Cole: Pleist Foraminifera from Maryland, Cushman Lab., Foram. 
Res. Cont., vol. 6 (1930) p. 94-100. 

%8T. A. Conrad: Observations on a portion of the Atlantic Tertiary region, with a description of 
new species of organic remains, Nat. Inst. Wash., Pr., vol. 2 (1842) p. 171-194. 
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virginica Gmelin from 10 feet beneath the surface along the Potomac River, a 
little north of Blake Creek. 

The region was visited in January, 1933, and many shells of Rangia and Ostrea 
were noted along the 5-mile stretch of beach between Flood and Blake creeks, 
about 7 miles south of Leonardtown, Maryland. The beach had been considerably 
eroded; the fossiliferous bluff was not visible, and it is believed that the shells 
had been washed out of a submarine portion of the same bluff. 

(22) Nanjemoy River, Charles County, Maryland—The Maryland Survey records 
Rangia cuneata Gray from the east side of the Nanjemoy, near the mouth. 

(28) Maryland Point, Charles County, Maryland.—The United States Geological 
Survey (Station 4554) records Ostrea sp. from Maryland Point on the Potomac 
River, just below the mouth of the Nanjemoy. 


SIGNIFICANCE OF THE FAUNA 


Most of the species from the Maryland Pleistocene are living in the 
same latitude today; a few now reach their northern limit south of Mary- 
land; these are T’erebra dislocata Say, Thais floridana Conrad, Odostomia 
acutidens Dall, Rangia cuneata Gray, and Arca ponderosa Say. Other 
species, such as Nassa vibex Say and Leda acuta Conrad, although 
reported from Maryland today, are rare and usually indicate warmer 
water. 

Macoma calcarea (Gmelin), reported from Wailes Bluff and Port 
Covington by the Maryland Survey, was regarded by Mansfield as 
possibly indicating colder conditions, for its range is from Greenland 
to New Jersey. More recently, it has been found in the Cape May 
formation of New Jersey ** and from the Pamlico in South Carolina, 
in both cases associated with a warm fauna. Aligena elevata Stimpson 
(= Monticuta bidentata Gould), also regarded as indicating cold water, 
has now been reported as far south as North Carolina.*® In any case, 
these two species must be exceedingly rare, for neither Mansfield nor 
the writer were able to find them, although both spent considerable time 
at Wailes Bluff. 

The presence of Rangia cuneata Gray seems particularly significant. 
It is common in brackish water along the Gulf Coast, but is not known 
alive north of the west coast of Florida. It is present in the Pleistocene, 
as far north as New Jersey. Its abundance in the Pamlico of Maryland 
seems to be a definite indication of warmer water. 

The fauna of the Pamlico of Maryland suggests a slightly warmer 
ocean temperature than that prevailing in the region today, and may well 
represent an interglacial stage. The fact that the highly fossiliferous 
beds at Wailes Bluff (Beds 1 and 2 of Mansfield) are overlain by a bed 


% Paul MacClintock and H. G. Richards: Correlation of Late Pleistocene marine and glacial deposits 
of New Jersey and New York, Geol. Soc. Am., Bull., vol. 47 (1936) p. 289-338. 

%C, W. Johnson: List of marine mollusca of the Atlantic coast from Labrador to Tezas, Boston 
Soc. Nat. Hist., Pr., vol. 40 (1934) p. 45. 
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carrying a fauna indicative of brackish water and a temperature similar 
to that prevailing today, may be taken as an indication that sea level 
was becoming lower and the temperature was becoming colder due to 
i the approaching glaciation. 

The fauna from the Pleistocene of Maryland is essentially similar to 
that of the Cape May of New Jersey. 


SIGNIFICANCE OF THE FLORA 


Fossil plants were found by Shattuck and others at several places in 
the Pamlico;** these indicate temperature at least as warm as that of 
today, and probably somewhat warmer. 

Woolman ** recorded marine diatoms in a well at Rock Hall, Kent 
County, Maryland. The flora was especially characterized by the pres- 
ence of Polymyxus coronalis, a form now found at the mouth of rivers 
in South America. He found the same species at Wildwood, New Jersey. 
This has been referred to the Cape May formation.** 


VIRGINIA 
PREVIOUS WORK 


Clark and Miller *® extended Shattuck’s formations into Virginia. 
They regard the Talbot as largely of marine origin, although they realized 
that the presence of fossil plants at various localities indicated that at 
least part of the formation is non-marine. They did not recognize the 
two divisions of the Talbot that Stephenson *® had noted in North 
Carolina. 

Wentworth ** divided the Talbot of Virginia into three parts and gave 
the following table: 

Princess Anne—Terrace and formation of marine origin. Upper surface 
ranges from 10 to 15 feet above sea level. Occurs along shores 
of present tidewater. 

Dismal Swamp—Terrace and formation largely of marine origin. Fluvial 
portions not distinguished from the Chowan. Upper surface of 
marine part ranges from 15 to 25 feet in elevation. Broad area 
south of Norfolk and elsewhere adjacent to tidewater. 


%E. W. Berry: New occurrences of plants in the District of Columbia, Wash. Acad. Sci., Jour., 

vol. 23 (1933) p. 1-25. 
C. T. Berry: A Talbot cypress swamp at Greensbury Point, Maryland, Torreya, vol. 34 (1934) 

p. 85-91. 

31 Lewis Woolman: Artesian and other bored wells and also dug wells in southern New Jersey, 
N. J. Geol. Surv., Ann. Rept., 1898 (1899) p. 116-121. 

% Paul MacClintock and H. G. Richards: op. cit., p. 312. 

© W. B. Clark and B. L. Miller: Physiography and geology of the Coastal Plain province of Vir- 
ginia, Va. Geol. Surv., Bull. 4 (1912) p. 13-222. 

“LL. W. Stephenson: op. cit. 

“C. K. Wentworth: Sand and gravel resources of the coastal plain of Virginia, Va. Geol. Surv., 
Bull. 32 (1930) p. 36. 
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Chowan—Almost wholly fluvial in Virginia. Ranges from 35 feet near 
coast to 80 to 90 feet in elevation near the Fall Belt. In valleys 
in Chowan River basin and adjacent to other main streams to 
the north. 


Cooke*? re-introduced the term Pamlico for the Dismal Swamp, point- 
ing out its priority, and also used the term Talbot in a restricted sense 
for the Chowan. Later, Cooke ** doubted the validity of the Princess 
Anne terrace, for it is not present farther south. All the Pleistocene 
fossil localities in Virginia lie below the 25-foot contour, and are, 
therefore, referred to the Pamlico. 


LOCALITIES ALONG THE RAPPAHANNOCK RIVER 


(24) Near Taft, Lancaster County, Virginia—On the north bank of the Rappa- 
hannock River, between Taft and Mosquito Point, a 10-foot bluff contains peat 
with plant remains. Near its east end, about 2 miles southeast of Taft, and half 
a mile from Mosquito Point, a bed of clay contains some oyster shells and the 
casts and impressions of Rangia cuneata Gray and Pholas costata Linnaeus. It 
appears to rest upon the Miocene Yorktown (PI. 2, fig. 2). 

The locality, pointed out by Mansfield,“ was visited by the writer on November 3, 
1934, accompanied by Paul MacClintock and M. E. Johnson. 


(25) Monaskon, Lancaster County, Virginia—The United States Geological Sur- 
vey Station 8185 records an oyster bed, 7 to 12 feet below the surface, along the 
east bank of the Rappahannock, half a mile above Monaskon. 


(26) Whiting Creek, Middlesex County, Virginia—The United States Geological 
Survey stations 8235 and 8236 record Ostrea from the bluffs of the Rappahannock 
River, east of the mouth of Whiting Creek. 


(27) Richardson Creek, Richmond County, Virginia—The United States Geo- 
logical Survey Station 8209 records Ostrea along the Rappahannock, near the 
entrance of Richardson Creek. 


LOCALITIES ALONG THE PIANKATANK RIVER 


(28) Iron Point, Matthews County, Virginia—In the 15- to 20-foot bluff on 
Godfrey Bay, on the left bank of the Piankatank River, about a mile south of 
Iron Point, a bed of carbonaceous material carries Rangia cuneata Gray. On a 
visit to the locality in May, 1932, in addition to Rangia, Venus mercenaria Linnaeus 
and Ostrea virginica Gmelin were found on the beach at the base of the bluff. 


(29) Twigg’s Ferry, Matthews County, Virginia—The United States Geological 
Survey Station 8217 records Ostrea virginica Gmelin “about a quarter of a mile 
above Green Point Wharf—bluish marl at river level.” After some difficulties, the 
station was located on the trip of May, 1932. The locality is now known as 
Twigg’s Ferry, or Dixie Postoffice. 


42C, Wythe Cooke: Seven coastal terraces in the southeastern States, Wash. Acad. Sci., Jour., 
vol. 21 (1931) p. 503-513. 

48C. Wythe Cooke: Tentative ages of Pleistocene shorelines, Wash. Acad. Sci., Jour., vol. 25 
(1935) p. 331-333. 

“W. C. Mansfield: Notes on Pleistocene faunas from Maryland and Virginia and Pliocene and 
Pleistocene faunas from North Carolina, U. 8. Geol. Surv., Prof. Pap. 150-F (1928) p. 132. 
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LOCALITIES ALONG THE YORK RIVER 


(30) Mumfort Island, Gloucester County, Virginta—On the northeast bank of the 
York River, opposite Yorktown and half a mile below Mumfort Island, some fossils 
were observed in a hard conglomeratic matrix, exposed on the beach just above tide. 
Although the fossils were poorly preserved, the following were determined: Ostrea 
virginica Gmelin, Arca campechiensis Gmelin, A. transversa Say, A. ponderosa Say, 
Mulinia lateralis Say, Corbula contracta Say, Venus mercenaria Linnaeus, Gemma 
gemma Totten, Crepidula fornicata Linnaeus, and Balanus sp. A few shells of 
Turritella suggested that there might have been mixing with the underlying Miocene 
(Yorktown). 

Some material from the same locality, collected by A. G. Maddren in 1918, is 
in the United States National Museum, and was determined by W. C. Mansfield. 
Among the species identified are: Nucula prorima Say, Bornia longipes Stimpson, 
Cummingia tellinoides Say, Seila adamsii Lea, Vermetus nigricans Dall, Veneri- 
cardia tridentata Say, and Turritella sp. Here, also, there is the possibility of mixed 
fauna, although it is probable that the majority of the specimens are Pleistocene 
(Pl. 3, fig. 1). 

LOCALITIES ALONG THE NANSEMOND RIVER 

(31) Lee’s Wharf, Nansemond County, Virginia—In 1896, Frank Burns collected 
from fossiliferous beds on both sides of the Nansemond River at Lee’s Wharf, 18 
miles below Suffolk, Virginia (United States Geological Survey Station 2837). He 
found Littorina irrorata Say and Venus mercenaria Linnaeus. A visit to the region 
in May, 1932, located Lee’s Wharf just above the highway bridge on the right side 
of the river. In addition to the species mentioned, numerous specimens of oysters 
were found in the river bank. The owner of the land (formerly Lee’s Wharf) told 
the writer that oyster shells are frequently struck in digging in the region. 


(32) Gaskins Wharf, Nansemond County, Virginia—About half a mile above 
locality 31, Burns collected additional fossils (United States Geological Survey 
Station 3195). 

LOCALITIES ON THE EASTERN SHORE 

(83) Assateague Island, Accomac County, Virginia—During the past few years, 
considerable sand has been added by the waves to the south end of Assateague 
Island (near Chincoteague Island, Virginia). In the sand thus added to the beach, 
are many shells, many of them worn and apparently fossils. Among those that 
do not live in the region today, but indicate a warmer temperature, are: Chione 
cancellata Linnaeus, Crassinella lunatula parva C. B. Adams, Donaz varabilis Say, 
and Arca ponderosa Say. The remaining 24 species found alive in the coastal waters 
of Virginia today are probably in part of recent age. 


(34) Cape Charles, Northampton County, Virginia —Fourteen species of mollusks 
were found in fill for a real-estate development along Chesapeake Bay, half a 
mile south of the town of Cape Charles. Among these, the following indicated 
warmer-water temperature than that existing in the region today: Chione cancellata 
Linnaeus, Arca ponderosa Say, Thais floridana Conrad, and Fulgur perversa Say. 
None indicated a colder temperature. 


As many of the shells collected at Assateague Island are undoubtedly of recent age, only the 
species that are most probably fossil are included in the list. 
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Ficure 2. FEEDER CANAL 
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Figure 1, INTRA-COASTAL CANAL 
Between Pungo and Alligator rivers, Hyde County, North Carolina. Showing fossil vegetation over- 
lying Pamlico marine shells. 


Figure 2, PLEISTOCENE COQUINA 
At old Fort Fisher, New Hanover County, North Carolina. 


Ficure 3. INTRA-COASTAL CANAL 
Four miles south of Little River, Horry County, South Carolina. Showing fossiliferous (dark) layer 


on opposite shore. 
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LOCALITIES IN THE DISMAL SWAMP 


During the winter of 1897-1898, the Dismal Swamp Canal was wide- 
ened and deepened. Marine shells brought up by the dredge were 
presented to the Academy of Natural Sciences of Philadelphia, where 
they were studied by Woolman.** Both the mollusks and the diatoms 
(identified by Boyer) indicated that the deposit is a mixture of Mio- 
cene and later deposits. Shaler *’ had regarded the bed of the swamp 
as of Pliocene age, and the Virginia Survey ** designated it as part of 
the Talbot formation, of Pleistocene age. The marine deposits of the 
swamp containing the fossils are covered with swamp or peat deposits, 
the history of which has been traced by Lewis and Cocke.*® 

Further collecting at the various fossil localities in the swamp, and 
an analysis of the material previously collected, indicates that material 
brought up by the dredge is a mixed fauna, the major part of it being 
of Pleistocene age, probably mostly from the Pamlico formation (= Dis- 
mal Swamp of Wentworth), the Pliocene and Miocene species probably 
having been derived from the deeper excavations. 

Four localities in the Dismal Swamp were visited by the writer in 
February, 1930, and May, 1932. 


(35) Near Deep Creek, Norfolk, Virginia—Eight species were found along the 
banks of the Dismal Swamp Canal, about 5% miles south of Deep Creek, Virginia. 


(36) Near Lake Drummond, Norfolk County, Virginia—Ten species were found 
in the spoil banks along the feeder to the Dismal Swamp Canal about a mile east 
of Lake Drummond. 


(37) Near Virginia-North Carolina State line, Camden County, North Carolina— 
Just south of the Virginia line, many fragments of Ensis directus Conrad can be 
seen in the spoil banks of the Dismal Swamp Canal. 


(88) Near South Mills, Camden County, North Carolina—Although fossils can 
be found at a number of places along the banks of the canal, probably the best 
locality is about 5 miles north of South Mills, North Carolina, where collecting 
has yielded 39 species. The Pleistocene fauna indicates slightly milder climate 
than that of today. 


(39) “Dismal Swamp,” Virginia and North Carolina—Under this heading are 
mentioned those species dredged from the Dismal Swamp Canal and feeder, with- 
out definite locality being given, which were not found in the writer’s survey. 


“Lewis Woolman: Fossil llusks and diat from the Dismal Swamp, Virginia and North 
Carolina, indication of the geological age of the deposit, Philadelphia Acad. Nat. Sci., Pr., 1898 (1899) 
p. 414-429. 

47N. 8S. Shaler: General t of the freshwater morasses of the United States with a descrip- 


tion of the Dismal Swamp District of Virginia and North Carolina, U. 8. Geol. Surv., 10th Ann. 
Rept. (1890) p. 255-339. 

#W. B. Clark and B. L. Miller: op. cit., p. 188. 

“Ivey Lewis and E. C. Cocke: Pollen analysis of Dismal Swamp peat, Elisha Mitchell Sci. Soc., 
Jour., vol. 45 (1929) p. 37-58. 
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Woolman says that the material he studied came from three localities: 


1. Main canal in North Carolina 2 to 3 miles south of Virginia boundary. 
2. Main canal in Virginia, about 5 miles north of feeder. 
3. Along feeder, about 144 miles west of main canal. 


These localities correspond closely to those visited by the present writer. A 
number of species found in the recent investigation were not mentioned by Woolman. 
In addition, the following are in the collections of the Academy of Natural Sciences 
of Philadelphia, and were not found by the present writer: ® 


Arca limula Conrad Fulgur canaliculata Linnaeus 
Arca plicatura sublineolata Orbigny Turnonilla reticulata Adams 
Corbula contracta Say Odostomia impressa Say 


Lucina crenella Dall 
Caecum cooperi Smith 
Leda acuta Conrad 


The United States Geological Survey collections in the United States National 
Museum add Columbella avara Say and Polinices heros Say to the Dismal Swamp 
fauna. 

(40) Jericho Canal, Norfolk County, Virginia—Shaler recorded fossils from a 
road-cut near the Jericho Canal, 2 miles east of Suffolk, Virginia. His list contains 
a number of typical Miocene and Pliocene species, as well as some of undoubted 
Pleistocene age, and may best be regarded as a mixed fauna. The species from 
this locality are not included in the list (Table 4). 


SIGNIFICANCE OF THE FAUNA 


As in the case of Maryland, most of the fossils from the Pamlico 
formation in Virginia are living in the same latitudes today. Of those 
species that indicate warmer water, several have their northern limit 
near Cape Hatteras, North Carolina. Among these are Bornia longipes 
Stimpson, Donax variabilis Say, Arca ponderosa Say, Fulgur perversa 
Say, Olivella mutica Say, Nassa acuta Say, Marginella limatula Conrad, 
and Turbonilla reticulata Adams. As Cape Hatteras is a natural barrier, 
the presence of these species in the Pleistocene of Virginia does not neces- 
sarily imply a great change of climate. If the Pamlico sea level were 
25 feet higher than at present the Gulf Stream would have been close 
to the shore line, instead of being deflected seaward at Hatteras as it 
is today. ; 

However, the presence of Rangia cuneata Gray, Crassinella lunatula 
parva Adams, Vermetus nigricans Dall, and Thais floridana Conrad, now 
rare or unknown north of Florida, suggest a more general cause for the 
mild-water temperature. 


% Arca limula Conrad and A. plicatura sublineolata Orbigny are probably pre-Pleistocene and are 
not included in the list on pages 1647-1648. 
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Sazicava arctica Linnaeus, found near South Mills, North Carolina, is 
usually indicative of cold water; however, the specimen from South Mills 
is small and resembles the specimens of Sazicava found today in deep 
water off the southern Atlantic Coast. 


SIGNIFICANCE OF THE FLORA 

Fossil plants have been found at several places in the Pamlico of 
Virginia, notably on the right bank of the Rappahannock River, about 
2 miles above Tappahannock, Essex County, and between Taft and 
Mosquito Point, near the mouth of the Rappahannock River (Pl. 2, 
fig. 1). 

The flora of the peat in the Dismal Swamp overlying the marine 
Pamlico was discussed by Lewis and Cocke. 

No significant changes in climate are indicated by the flora of the 
Pamlico formation in Virginia. 


NORTH CAROLINA 
PREVIOUS WORK 


Johnson ** recognized a series of five well-preserved terraces and rem- 
nants of two higher terraces in North Carolina. These were named 
and mapped by Stephenson in 1912. He subdivided the Talbot of 
Shattuck into two well-marked terraces—the Chowan (60 feet) and the 
Pamlico (20 feet). According to Stephenson,” “the eastern boundary 
is marked by a well-defined sea-facing escarpment which separates the 
Chowan Terrace from the lower-lying Pamlico terrace Plain.” Cooke 
extended this subdivision northward into Virginia and Maryland, and 
southward into South Carolina and Georgia. He substituted the term 
Talbot for the Chowan. In North Carolina, marine fossils have been 
found only in the Pamlico. 

The Dismal Swamp localities in North Carolina, all close to the 
Virginia line, have already been discussed under Virginia. 


LOCALITIES IN NORTHEASTERN NORTH CAROLINA 


(41) Intra-Coastal Canal between Pungo and Alligator rivers, Hyde County, 
North Carolina—In Hyde County, North Carolina,® the Intra-Coastal Canal has 
been cut through wooded land for a distance of 22 miles, between Pungo River 
and Alligator River. The canal was cut to a depth of 15 feet below mean low 
water, and, for the entire 22 miles, marine shells were struck and thrown onto the 
spoil banks. In no place were the shells exposed above the surface of the canal. 


1B. L. Johnson: Pleistocene terracing in North Carolina coastal plain, Sci., n.s., vol. 26 (1907) 
p. 640-642. 

621. W. Stephenson: op. cit., p. 282. 

63 The author is indebted to A. L. Midyette, of Swan Quarter, N. C., for guiding him to this and 
other localities in the vicinity, and for supplying him with eertain fossils from his collection. 
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The fossiliferous deposit is overlain by a deposit of swamp muck, containing the 
stumps of rather large trees (Pl. 4, fig. 1). The following sections are typical: 


Feet 
(A) Black peat with “rotten wood”..................... 16 


Fossils were collected at a number of places along the canal bank, the best localities 
being: 


(a) Intra-Coastal Canal at the junction of the Fairfield Canal, 2.5 miles north 
of Fairfield, North Carolina (south bank of canal). 

(b) At sawmill settlement “Head the River” (north bank of canal). 

(c) 3 miles east of Wilkinson Bridge (north bank). 

(d) At Wilkinson Bridge (south bank). 

(e) At junction with Pungo River (north bank). 


The fauna is rather uniform from all these stations, 91 species being found. At 
(e), large pieces of the coral Septastrea crassa (Holmes) were abundant. According 
to John W. Wells, who kindly identified the coral, this species is probably identical 
with S. marylandica (Conrad), which ranges through the Miocene and Pliocene. 
This is apparently the first record as late as the Pleistocene. 

Shells similar to those dredged from the Intra-Coastal Canal were obtained from 
10-foot excavations for the Fairfield Canal. 


(42) Lake Matamuskeet, Hyde County, North Carolina—In the dredging opera- 
tions of 1930, in the vicinity of New Holland, numerous shells were uncovered. 
At that time it was planned to drain Lake Matamuskeet, and numerous canals 
and ditches were dug. At present, the project has been abandoned, and the lake 
is again filled with water, so that no shells are visible. 

A ditch by the road along Lake Matamuskeet, near Fairfield, showed 6 feet 
of peat; below that, level shells had been reported but were not visible in the 
particular excavations visited. 

Shell fragments have been found in well excavations to a depth of 60 feet, 
at Swan Quarter and elsewhere in Hyde County. 

(43) Stumpy Point, Dare County, North Carolina—-A few shells were obtained 
from shallow pits along the Englehard-Stumpy Point road, about 2 miles from 
Stumpy Point. 

(44) Kilkenny, Tyrrell County, North Carolina—A few shells were found in 
borrow pits on the Gum Neck road, 2 miles north of Kilkenny, and elsewhere in 
Tyrrell County. 

(45) Bayboro, Pamlico County, North Carolina—Through the kindness of H. N. 
Coryell, of Columbia University, the writer has been able to examine some fossils 
obtained from excavations, “north and a little east of Bayboro.” 
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(46) Hobucken, Pamlico County, North Carolina—Shells were found in the spoil 
banks of the Intra-Coastal Canal, which passes through a small “land cut” about 
a mile west of Hobucken. 


(47) Cash Corner, Pamlico County, North Carolina—The entire region appears 
to be underlain with Pamlico fossils; several small canals near Cash Corner and 
Alliance cut into the shell beds, and material was obtained from the spoil banks. 


(48) Near Beaufort, Carteret County, North Carolina—In 1928, Mansfield listed 
the fossils from the United States Geological Survey Station 10892, “open land 
project about 10 miles northwest of Beaufort and 6 miles from North River. Marl 
thrown out of lower part of wide ditches constructed for drainage. The surface of 
the terrace is about 11 feet above sea level and the marl came from about 8 feet 
below the surface.” The material came from the Pamlico terrace, or formation. 
He listed 33 species. 

According to Mansfield, “the fauna . . . contains no species now living exclusively 
north of Cape Hatteras. Nine are found at, and south of, Cape Hatteras. This 
fauna could have lived under present conditions of temperature in the same 
latitude.” 

Similar fossils were obtained in 1935 from a fill near the Bureau of Fisheries 
Laboratory at Beaufort. 


(49) Core Creek Canal, Carteret County, North Carolina—The Intra-Coastal 
Canal in the vicinity of Beaufort passes through a land-cut known as Core Creek 
Canal, connecting Pamlico Sound with Newport River. Most of the country is 
densely forested with pine. At several localities. beds of shells were struck, and 
the material was thrown along the banks of the canal. The locality visited was 
about a quarter of a mile from the old New Bern Pike drawbridge, about 10 miles 
north of Beaufort, North Carolina. The shells were scattered in piles close to the 
banks of the canal, 41 species being found.™ 

This list has many species in common with Mansfield’s list, collected nearby. 
However, as this material was taken from a deeper excavation, it is possible that 
more than one formation may be represented. Certainly, the majority of the 
specimens were derived from the Pamlico formation, presumably of interglacial 
age, but several forms, such as the Pliocene species, Arca subsinuata Conrad and 
Mactra sapotilla Dall, possibly came from an underlying formation. Arca sub- 
sinuata has been found from Pliocene (?) localities on the Neuse River below 
New Bern, North Carolina. The majority of the definitely Pleistocene species are 
southward-ranging, thus supporting the view of Mansfield, that the fauna of the 
Pamlico could have lived in temperatures at least as warm as that of today, and 
favoring the view that the Pamlico terrace dates from the last interglacial stage. 


LOCALITIES ALONG THE NEUSE RIVER 


Croom © and Conrad ™ described some marine fossils from marl pits on the Ben- 
ners estate, 16 miles below New Bern, North Carolina. Conrad™ correlated this 
deposit with the beds of Gnathodon (= Rangia) on the Potomac River in Mary- 


5 A mammoth tooth dredged from Core Creek Canal is in the State Museum at Raleigh, North 
Carolina. 

55H. B. Croom: Organic remains found in the marl pits in Craven County, North Carolina, Am. 
Jour. Sci., Ist ser., vol. 27 (1835) p. 168-171. 

%T. A. Conrad: Observations on the Tertiary strata of the Atlantic coast, Am. Jour. Sci., ist 
ser., vol. 28 (1835) p. 104-111, 280-282. 

87 T, A. Conrad: Observations on a portion of the Atlantic Tertiary region, with a description of 
new species of organic remains, Nat. Inst. Wash., Pr., vol. 2 (1842) p. 177. 
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land and refers them to the post-Pliocene. Later, Dall™ proposed the name 
Croatan beds, to include the beds found on the estuary of the Neuse River. 
Stephenson™ regarded the beds as Pleistocene, because of the large percentage 
of recent forms. Mansfield has shown that many of the beds along the Neuse 
River, the so-called Croatan of the Pliocene, are, in reality, mixtures of the 
Pliocene and the Pleistocene. He applies the term Croatan sand to those beds 
on, or near, the Neuse River that are definitely of Pliocene age, and refers the 
overlying Pleistocene beds questionably to the Chowan. However, because they 
lie below the 25-foot contour, they should preferably be referred to the Pamlico. 
Mansfield records a locality, about 15 miles below New Bern, containing mainly 
Pliocene species with some Pleistocene species, which are believed to have fallen 
from the overlying beds. This locality is evidently near the old Benners locality of 
Conrad. Mansfield records faunas of the Pliocene with a mixture of the Pleistocene, 
at the following United States Geological Survey stations: 


10893—Neuse River, right bank, about 15 miles below New Bern, about 
3 miles above Cherry Point and half a mile below the mouth 
of Slocum Creek. 

8167—From pits 10 to 12 feet in depth on the John Roper property, 
3 miles southwest of Riverdale (collector J. A. Cushman). 

8168—Blue shell marl from pits on the Ballenger farm, close to Croatan 
Station (collector J. A. Cushman). 

10897—Marl pit on Brice Creek, about 14% miles west of Croatan 
Station. 


According to Mansfield, the irregular contact on the Neuse River below New 
Bern indicates that the Pliocene and the Pleistocene are unconformably related. 


(60) 10 miles below New Bern, Craven County, North Carolina—Mansfield ® 
records United States Geological Survey Station 10896 as “Neuse River, right bank, 
about 10 miles below New Bern, near the residence of W. B. Flanner. Taken from 
the bed that directly overlies the truncated cypress stump.” His section was as 
follows: 


Feet 
Pleistocene (Chowan ? formation) laminated, gray to reddish 
Compact, laminated gray clay with thin partings of sand. Con- 


Very fossiliferous grayish sand. Many individuals of Mulinia 
lateralis present throughout, and Rangia cuneata in the lower 


? Unconformity 
Truncated cypress stumps, 6 to 8 feet in diameter, embedded in 
4 
26 


58 W. H. Dall: Contributions to the Tertiary fauna of Florida, with especial reference to the 
Miocene Siler beds of Tampa and the Pliocene beds of the Caloosahatchie River, Wagner Free Inst., 
Tr., vol. 3 (1890) p. 209, 213-217. 

5° L, W. Stephenson: op. cit., p. 289. 

© W. C. Mansfield: Notes on Pleistocene faunas from Maryland and Pliocene and Pleistocene faunas 
from North Carolina, U. 8. Geol. Surv., Prof. Pap. 150-F (1928) p. 134. 
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The locality is near the settlement of Croatan, and the “residence of W. B. 
Flanner” is now (1934) owned by Mr. Hardison. Thirty-eight species of mollusks 
were reported by Mansfield, and most of these were found by the writer in January, 
1934. 

Cooke regarded the presence of the cypress stump below the marine shells as an 
indication of a low stand of the sea prior to the deposition of the Pamlico fossils. 


(61) 11 miles below New Bern, Craven County, North Carolina—Mansfield “ 
recorded fossiliferous locality, 11 miles below New Bern (United States Geological 
Survey Station 10895). The elevation suggests that it is also in the Pamlico terrace. 


Pleistocene: 
Laminated reddish sand and clay, with a water seepage 
Very fossiliferous fine-grained sand ...................... 4 
Unconformity 
Pliocene (Croatan sand) 
Concretionary, ferruginous coarse sand and gravel, carrying 


This locality was found on the Boyd farm, about a mile below locality 50. 
Because of the erosion of the bluff, caused by the hurricane of September, 1933, 
the lower part of the section was not visible in 1934, and it was impossible, 
therefore, to note the contact between the Pliocene and the Pleistocene. Mansfield 
listed 38 species from the Pleistocene part of the bluff. No additional species were 
found by the writer. 

Residents of the county informed the writer that shell marl was struck in excava- 
tions throughout the entire area, from depths of 8 to 25 feet; some of this is 
undoubtedly Pleistocene, but some also may be Pliocene (Croatan). 


LOCALITIES ALONG CAPE FEAR RIVER 


(62) Gander Point, New Hanover County, North Carolina—In a gravel pit at 
Gander Point, between Wilmington and Carolina Beach, shell fragments and 
coquina were abundant. 


(63) Cape Fear River, New Hanover County, North Carolina—Coquina and 
loose shells were struck in the excavations for the Intra-Coastal Canal at its junc- 
tion with Cape Fear River. The material is scattered along the banks of the 
canal, near the Carolina Beach highway bridge. 

The fossil-bearing deposit here is below sea level and is overlain by 15 to 20 
feet of sand. 


(54) Near Carolina Beach, New Hanover County, North Carolina—In the con- 
struction of the Intra-Coastal Canal at Indian Cove, between Wilmington and 
Carolina Beach, the teeth and several bones of a Mastodon were uncovered early 
in June, 1930. 


(65) Old Fort Fisher, New Hanover County, North Carolina—Considerable 
coquina is exposed between tides at Old Fort Fisher, near the southern extremity 


© W. C. Mansfield: op. cit., p. 134. 


Feet : 
| 
{ 
; 


1636 H. G. RICHARDS—PAMLICO FAUNA 


of New Hanover County. Fragments of shells, together with a few perfect ones, 
ean be found. This, and locality 56, mark the farthest north that Pleistocene 
coquina is found along the east coast of the United States, with the exception of 
loose fragments found on the beach near Cape Hatteras (Pl. 4, fig. 2).% Similar 
coquina forms a conspicuous part of the Anastasia formation in Florida, which is 
probably contemporaneous with the Pamlico. 


(66) Carolina Beach Wharf, New Hanover County, North Carolina—Stephenson ® 
reports a Pleistocene coquina bed, a mile southeast of Carolina Beach Wharf. This 
is apparently part of the same coquina deposit that also crops out at Old Fort 
Fisher, and which was struck in excavations for the Intra-Coastal Canal. 


(67) Old Brunswick, Brunswick County, North Carolina—Stephenson™ records 
a locality on the Cape Fear River, a quarter of a mile north of the ruins of Old 
Brunswick. He gives the following section: 


Feet 
6 
Hard, yellow, somewhat argillaceous sand, with small, tubular, 
iron concretions cemented with iron............ 
Light, drab, somewhat arenaceous, finely micaceous clay, 
mottled with pink, red, and yellow ...................... 2 
Coarse, reddish-brown sand, with lenses of drab clay and lenses 
of oyster shells. The oysters belong to the living species 
Ostrea virginica Linnaeus [= Gmelin]. A few specimens of 
Venericardia tridentata Say are found associated with the 
Coarse, cross-bedded, yellowish-brown and black sands........ 2 


Stephenson refers the locality to the Chowan terrace, but, because of its elevation, 
it seems preferable to regard it as Pamlico. 


(68) Southport, Brunswick County, North Carolina—Stephenson records fossils 
from the Pleistocene section of the well boring at the quarantine station near 
Southport. 


(69) Fort Caswell, Brunswick County, North Carolina—Stephenson records fossils 
from the upper part of a deep well at Fort Caswell, Oak Island, Cape Fear River. 


SIGNIFICANCE OF THE FAUNA 


Many of these species have their northern limit today at, or near, 
Cape Hatteras. About a dozen species do not live as far north as North 
Carolina today; these include Ostrea cristata Born, Pecten gibbus nucleus 
Born, Polymesoda carolinensis Bosc, Cardita floridana Conrad, Chama 
macerophylla Gmelin, Chione paphya Linnaeus, Tellidora cristata Recluz, 


€ Coquina has been found in excavations for the Midtown Hudson Tunnel between the city of 
New York and Weehawken, New Jersey. Although it was found in post-glacial river silts, it is 
thought that it was originally derived from the Gardiners formation, which is probably of inter- 
glacial age and contemporaneous with the Pamlico. This coquina was probably reworked and 
deposited with the post-glacial material. 
®L. W. Stephenson: op. cit., p. 288-289. 
% Op. cit., p .284. 
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Rangia cuneata Gray, Pyramidella crenulata Holmes, and Turbonilla con- 
radi Bush. 

The only species having their southern limit in North Carolina waters 
are: Polinices heros Say, Yoldia limatula Say, and Siliqua costata Say. 
No species are distinctly northern. 

The fauna, therefore, appears to indicate a milder climate than that 
prevailing in the region today. 

Many fossil shells of species not now living this far north are found 
on the beaches of Hatteras, Ocracoke, and other places along the North 
Carolina “Banks.” Although it is impossible to determine the exact 
age of these shells, it is probable that at least some were derived from a 
submarine phase of the Pamlico. Coquina was also found on these 
beaches. Among the species that may be Pleistocene and suggest a 
warmer climate are: Arca secticostata Reeve, A. auriculata (?) Lamarck, 
A. occidentalis Philippi, Rangia cuneata Gray, and Lucina chrysostoma 
Philippi.® 

SIGNIFICANCE OF THE FLORA 

Plants have been recorded from various localities in the Pamlico, as 
well as from the higher terraces.** “The plant remains discovered in 
the North Carolina Pleistocene show no elements that can be definitely 
interpreted as northern forms.”® 

The cypress stump below the marine (Pamlico) deposit on the Neuse 
River (locality 50) has already been discussed. 

The marine Pamlico deposits in the Dismal Swamp, Hyde and Car- 
teret counties are overlain by swamp muck and peat up to a thickness 
of 10 feet, often containing stumps and other plant remains. These are 
probably of post-glacial or recent age. 


SOUTH CAROLINA 
PREVIOUS WORK 
In 1857, Tuomey and Holmes ® discussed the rich Pleistocene fauna 
from South Carolina, particularly from the classic locality at Simmons 
Bluff on Yonges Island. Later, Pugh ® discussed the Pleistocene mol- 
lusks at length; however, none of these authors subdivided the Pleisto- 


® Horace G. Richards: Some shells from the North Carolina “Banks,” Nautilus, vol. 49 (1936) 
p. 130-134. 

LL. W. Stephenson: op. cit., p. 272-290. 

E. W. Berry: Pleistocene plants from North Carolina, U. 8. Geol. Surv., Prof. Pap. 140-C (1926) 

p. 97-119. 

«7 E. W. Berry: op. cit., p. 99. 

€ M. Tuomey and F. S. Holmes: Pliocene fossils of South Carolina, Charleston, 8S. C. (1857). 

©G. T. Pugh: Pleistocene deposits of South Carolina, Thesis, Vanderbilt Univ., Nashville, Tenn. 
(1906) 74 pages. 
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cene. Cooke ” mapped the Pleistocene terraces of South Carolina. In 
this State, all the fossil localities lie on the Pamlico terrace, the highest 
elevation for marine fossils being 12 feet above low tide, in the cut 
for the Intra-Coastal Canal, 3 miles south of the bridge at Little River, 


South Carolina. 
LOCALITIES 


(60) Little River, Horry County, South Carolina—On route 117, at the highway 
bridge over the Intra-Coastal Canal, a mile south of the town of Little River, 
a fill is composed of a mixture of Pliocene (Waccamaw) and Pleistocene (Pamlico) 
fossils. No shells could be seen above sea level in the canal banks . 


(61) 4 miles south of Little River, Horry County, South Carolina—In the banks 
of the newly constructed portion of the Intra-Coastal Canal, 4 miles south of Little 
River, Pleistocene shells were observed “in place,” as high as 12 feet above low 
tide (8 feet above high tide). The Pliocene (Waccamaw), here a few feet below 
sea level, was struck in excavations for the canal. The spoil banks are mixed, 
the major portion of the material being Pleistocene; however, unquestionable 
Pleistocene shells were obtained in place from the canal banks (PI. 4, fig. 3). 

(62) Windy Hill, Horry County, South Carolina—Cooke told the author of 
coquina containing Ostrea virginica Gmelin at Windy Hill, 11 miles northeast of 
Myrtle Beach, South Carolina. 

(63) White Point Creek, Horry County, South Carolina—Pugh records a fossil 
bed, 6 feet thick, about 5 feet above tide at Price’s Creek (= White Point Creek). 

(64) Buckport, Horry County, South Carolina—Cooke told the writer of oyster 
shells found in a ditch on the land of D. V. Richardson, a mile southwest of Buckport. 

(65) Myrtle Beach, Horry County, South Carolina—Coquina is exposed on the 
beach near Myrtle Beach, South Carolina. 

(66) 15 miles northwest Myrtle Beach, Horry County, South Carolina—Pleis- 
tocene fossils are exposed in the banks of the Intra-Coastal Canal, at the Atlantic 
Coast Line railroad bridge over the canal, northwest of Myrtle Beach. Fossil- 
bearing clay was exposed as high as 6% feet above low tide. It is overlain by 
10 to 13 feet of sand. 

(67) Laurel, Georgetown County, South Carolina—Pugh records the following 
section at a bluff of the Waccamaw at Laurel near the northeastern corner of 
Georgetown County: 


Feet 

Fossiliferous bed, sand and broken shells containing Arca, 


The top of the bed is 8 feet above tide; Pugh suggests the possibility that it 
is Pliocene, but favors a Pleistocene age, because of the fauna. 


(68) Waverly Mills, Georgetown County, South Carolina—A few shells from 19 
feet below the surface of a yard at Waverly Mills postoffice are in the Charleston 
Museum. 


7 C. Wythe Cooke: Geology of the Coastal Plain of South Carolina, U. 8. Geol. Surv., Bull. 867 
(1936) 196 pages. 
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(69) Winyah Canal, Georgetown County, South Carolina—Pugh records Pleisto- 
cene fossils from excavations for the canal connecting Winyah Bay with the north 
run of the Santee River. 


(70) Cooper River, Charleston County, South Carolina—There is a small island 
in the Cooper River, opposite Etowah Fertilizer Works, formed from dredgings 
in the river. The depth of dredging was between 30 and 40 feet. The underlying 
Eocene formations, as well as the Pleistocene, were struck, so the fauna is a mixed 
one. It is the type locality of four Eocene species of Scalaria (Epitonium).” 


(71) Shipyard Creek, Charleston County, South Carolina—Shells were found in 
an artificial island fill in Shipyard Creek in Charleston. The creek had been 
dredged to a depth of 26 feet. 


(72) Charleston, Charleston County, South Carolina—Pugh records Pleistocene 
fossils from numerous other localities in the vicinity of Charleston. 


(73) Stono River, Charleston County, South Carolina—Pugh records fossils from 
the banks of the Stono River (exact locality not given), overlying the phosphate 
rock (Eocene). Recent dredgings in the Stono River yielded only Eocene especies. 


(74) Bees Ferry, Ashley River, Charleston County, South Carolina.—Pugh records 
the following section at Bees Ferry: 


Feet 
Fossiliferous bed, sand and shells ......................... 3 
Fine laminated clay and Mactra 


“The top of the fossiliferous strata is about at high water mark.” 

This locality, visited in January, 1934, was found to be near Drayton Hall station 
of the Atlantic Coast Line railroad, but the bluff had been leveled; no fossils 
were obtained. 


(75) Simmons Bluff, Yonges Island, Charleston County, South Carolina—From 
this well-known locality 179 species have been recorded. Pugh gives the following 
section: 


Feet 

Loose yellowish light-colored sands ....................... 10-15 

Ferruginous sand with casts of shells...................... 2 

Fossiliferous bed, sand of grayish color with little mud, 

with comminuted shells, fossils in fine preservation....... 3- 4 


“The part of the bluff above the fossil-bearing stratum is almost perpendicular, 
but the fossil bed slopes gently beneath the tide. If observations or collections 
are to be made, they must be made when the tide is low.” 

From the locality, visited in January, 1934, a collection was obtained. It can 
be more accurately located as “Bluff on Wadmelaw River on the Garety property, 
Simmons Bluff, Yonges Island, one-fourth of a mile north of Yonges Island railroad 
station.” 


1C. W. Johnson: New fossil species of the genus Epitonium from South Carolina, Nautilus, vol. 
45 (1931) p. 6-10. 
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The species recorded from this locality (Table 4) are from Pugh’s list; in many 
cases, the names have been revised according to recent nomenclature. 
Cole™ has listed some Foraminifera from this locality, and Canu and Bassler™ 


some bryozoa. 


(76) Near Beaufort, Beaufort County, South Carolina—Pugh says the Pleistocene 
fossils are found at various places in the vicinity of Beaufort. 


SIGNIFICANCE OF THE FAUNA 


Considered as a whole, the fauna from the Pleistocene deposits of South 
Carolina is very similar to that living in the same latitudes today. There 
are a number of species in the list, however, that are rare or unknown 
in recent seas. Most of these are rare in the Pleistocene deposits and are 
included on the authority of the original authors (compiled by Pugh). 
Some of the species may be extinct; others may be misdeterminations of 
existing species. In this group are: Arca lienosa Say, Bornia mazyckiu 
Dall, Semele transversa Say, Mactra milesii Holmes, Turbonilla speira 
Ravenel, Turbonilla pupoides (?) Holmes, Adeorbis holmsii Dall, Fusus 
minor Holmes, F. conus Holmes, F. bullata Holmes, F. filiformis Holmes, 
F. rudis Holmes, Mitra wandoensis Holmes, and Angaria crassa Holmes. 

Of the remainder, the following six species are not living as far south 
as South Carolina today: Mytilus edulis Linnaeus, Modiolus modiolus 
Linnaeus, Yoldia limatula Say, Aligena elevata Stimpson, Macoma cal- 
carea Gmelin, and Polinices heros Say. However, all except the Macoma 
live as far south as Hatteras. M. calcarea Gmelin is not known south of 
New Jersey. All are rare in the Pleistocene of South Carolina. 

Most of those remaining are distinctly southern in character, being 
common from Hatteras to Florida or the West Indies. Cardita floridana 
Conrad and Rangia cuneata Gray are not known north of Florida; many 
of the others are exceedingly rare north of Florida. 

Even with the species of northern affinities already mentioned, the south- 
ern species greatly outnumber the others, so one may conclude with Pugh 
that “the Pleistocene facies of South Carolina, if different from that of 
the coast today in the same region, was more southern.” 


SIGNIFICANCE OF THE FLORA 

Fossil plants have been found in a few places in the Pleistocene of 

South Carolina, particularly in the higher terraces, but the flora has not 
yet been studied.” 


7 W. 8S. Cole: The Pliocene and Pleist Foraminifera of Florida, Fla. State Geol. Surv., Bull. 
6 (1931) 79 pages. 


7 F. Canu and R. 8S. Bassler: North American Later Tertiary and Quaternary Bryozoa, U. S. Nat. 
Mus., Bull. 125 (1923) 302 pages. 

™% Some specimens are in the collections of the University of South Carolina at Columbia, South 
Carolina; these were consulted through the kindness of Stephen Taber. 
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GEORGIA 
PREVIOUS WORK 
Veatch and Stephenson * recognized two Pleistocene terraces in Georgia, 
the Satilla (to 40-foot elevation) and the Okefenoke (to 125-foot eleva- 
tion). Fossils were reported only from the Satilla. Cooke ** mapped five 
terraces: 


Feet 


He regarded the Satilla as equivalent to the Pamlico and the Chowan 
of North Carolina. Later, he says, “an additional shoreline 25 feet above 
present sea level was overlooked because it falls on the same scarp as 
the next higher shoreline along part of its course.” ** This is the Pamlico, 
which is the only terrace containing fossils. 


LOCALITIES 


(77) Harner’s Bridge, Chatham County, Georgia—E. B. Chamberlain, of the 
Charleston Museum, gave the writer some shells that he had obtained from excava- 
tions from a drainage canal just above Harner’s Bridge, about 8 miles east of 
Savannah, Georgia. Mammoth and mastodon remains have also been found here.” 

(78) Savannah River, Chatham County, Georgia—Through the kindness of Ivan 
Tomkins, of the United States dredge Morgan, the writer obtained a collection 
of shells that were dredged from the Savannah River, east of the city of Savannah. 
Several formations were represented. The following were probably of Pleistocene 
age: Mactra lateralis Say, Arca ponderosa Say, Ostrea virginica Gmelin, Littorina 
trrorata Say, Polinices duplicata Say, Murex fulvescens Sowerby, and a cast of a 
fresh-water clam (£lliptio sp.). 


(79) Near Savannah, Chatham County, Georgia—Veatch and Stephenson ”™ record 
fossils from a few cuts and excavations in the vicinity of Savannah. 


(80) Isle of Hope, Chatham County, Georgia—Veatch and Stephenson report an 
8-foot bluff of cross-bedded sand, containing scattered shells. 

On January 29, 1935, the writer visited an 8-foot bluff on Skidway River, at Isle 
of Hope, near the end of the street-car line from Savannah. Many oyster shells 
were exposed, but it is probable that they are of recent age. 

Below these shells, a layer of brown sand carries a few poorly preserved frag- 
ments of oyster shells and other shells. These are probably the shells referred 
to by Veatch and Stephenson, and are apparently of Pleistocene age. 


™% Otto Veatch and L. W. Steph : Preliminary report on the geology of the Coastal Plain of 
Georgia, Ga. Geol. Surv., Bull. 26 (1911) 466 pages. 

7°C,. Wythe Cooke: The Coastal Plain in Physical geography of Georgia, Ga. Geol. Surv., Bull. 
42 (1925) p. 19-55. 

™ C. Wythe Cooke: Correlation of coastal terraces, Jour. Geol., vol. 38 (1930) p. 578-579. 

7 Lane Mitchell: Mammoths and tod at 8 h, Georgia (abstract), Geol. Soc. Am., Pr., 


1935 (1936) p. 402. 


7 Otto Veatch and L. W. Stephenson: op. cit., p. 437-438. 
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(81) West of Brunswick, Glynn County, Georgia—Veatch and Stephenson record 
a few fossils, mostly vertebrates, in various parts of Glynn County. 


St. Marys River, Camden County, Georgia-—Although fossils have been reported 
on the Florida side of the St. Marys River, especially at Rose Bluff and Reeds 
Bluff, Nassau County, Florida, none has been reported from the Georgia side of 
the river. At Rose Bluff, the shells are found up to 25 feet above sea level. 


SIGNIFICANCE OF THE FAUNA 

The fauna is so small that iv is difficult to draw any conclusions con- 

cerning the climate. The fauna listed might have lived under similar 
conditions to those prevailing in Georgia waters today. 


SIGNIFICANCE OF THE FLORA 


As far as is known, no plant remains have been reported from the 
Pamlico terrace in Georgia. There is, however, a very interesting locality 
for plant remains near Dahlonega, Lumpkin County, in the piedmont 
part of the State. The exact age is uncertain, but it probably dates from 
a part of the Pleistocene.*® The flora was characterized by the presence 
of the tamarack larch (Larix laricina (du Roi) Koch), not known today 
south of a swamp on the Maryland-West Virginia line near Cranseville, 
Preston County, West Virginia.** The cold climate indicated by this 
plant, suggests that the deposit was formed during a glacial stage. 


FLORIDA 


The lowest marine terrace in Florida, the Pensacola, was mapped by 
Matson ** and more recently was studied by Leverett.** According to 
Leverett, the Pensacola terrace lies at about elevation +40 feet in 
eastern Florida and at +25 feet along the Gulf Coast of the State. 
According to Cooke,** Leverett has correlated the second lowest terrace 
(the 42-foot Talbot) on the east coast with the lowest terrace (the 25-foot 
Pamlico) on the west (Gulf) coast of the State. 

The Pleistocene geology of Florida was reviewed by Cooke and 
Mossom.** Marine fossils, particularly coquina, are abundant in the 


8 E. C. Eckel and J. W. Kelly: Extent and limits of glacial migration in eastern America, 16th 
Intern. Geol. Cong., Washington, Rept., vol. 2 (1936) p. 813-814. Also personal communications 
to the author. 

81 —. T. Wherry: personal communication. 

#2G. C. Matson: Geology and ground waters of Florida, U. S. Geol. Surv., Water Sup. Pap. 319 
(1913) 445 pages. 

83 Frank Leverett: The Pensacola terrace and associated beaches and bars in Florida, Fla. State 
Geol. Surv., Bull. 7 (1931) 44 pages. 

8 C. Wythe Cooke: Seven coastal terraces in the southeastern States, Wash. Acad. Sci., Jour., vol. 
21 (1931) p. 512. 

% C. W. Cooke and Stuart Mossom: Geology of Florida, Fla. State Geol. Surv., 20th Rept. (1929) 
p. 29-288. 
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Anastasia formation, which adjoins the present shoreline. South of Palm 
Beach, the Anastasia gradually becomes more oolitic and is known as 
the Miami oolite. Farther south, on the “Keys,” the Miami oolite gives 
place to the Key Largo limestone, which is a coral reef deposit of the 
same age. Also, there is a deposit underlying much of the Everglades, 
known as the Fort Thompson formation, which in some places consists of 
alternating layers of freshwater and marine (or brackish) deposits and 
which may be contemporaneous with the Anastasia, or slightly younger. 

At no place in Florida are fossils found higher than elevation +25 
feet, and the fauna of every locality indicates water at least as warm 
as today. It, therefore, seems probable that all the fossiliferous Pleisto- 
cene deposits of Florida can be referred to the Pamlico formation. 


DISCUSSION AND CONCLUSIONS 
CONTINUITY OF THE PAMLICO TERRACE 


The Pamlico terrace and formation appear to be continuous from 
Delaware to Florida. In New Jersey, it is probably represented by the 
marine part of the Cape May formation, although the terrace aspect 
is not as obvious north of Delaware Bay. 

In all States from New Jersey to Florida, marine fossils are present in 
the 25-foot terrace deposits, thereby indicating a marine origin. Although 
the faunas of the various States are somewhat different, the warmer-cli- 
mate fauna being more conspicuous toward the south, there are many 
similarities. The various faunal changes found as one progresses south- 
ward are so similar to the changes encountered in the present marine 
fauna as to suggest definitely that the terrace deposits were contempo- 
raneous. 

Again, the fact that in all States from New Jersey to Florida, inclusive, 
marine fossils are found up to about elevation +25 feet—and not above— 
also suggests the continuity of the Pamlico terrace. 

Table 3 shows the proposed correlation of the late Pleistocene terrace 
deposits of the southern Atlantic Coastal Plain, with particular reference 
to the Pamlico terrace. It is based upon earlier literature and the present 
survey. 

AGE OF THE PAMLICO FORMATION 

According to the “glacial control” hypothesis, the glacial stages were 
times of low sea level, and, conversely, the interglacial stages were times 
of high sea level. Therefore, unless it can be definitely shown that the 
land has undergone movement, marine deposits found above sea level 
south of the terminal moraine are best interpreted as of interglacial age. 
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TaBLe 3.—Proposed correlation of the late Pleistocene deposits of the southern Atlantic Coastal Plain; based upon the literature 


and the present survey 
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* Includes all Pleistocene terraces. 


The Pamlico appears to be con- 
tinuous and horizontal, and there 
is no evidence of any significant 
movements of the land since its 
deposition. 

The fauna of the Pamlico, from 
New Jersey to Florida, inclusive, 
indicates a water temperature at 
least as warm as that of today in 
the same latitudes and in most 
cases somewhat warmer, thereby 
favoring an interglacial dating for 
the deposit.** 

The topographic appearance of 
the terrace suggests youth, and 
would, therefore, suggest a late 
Pleistocene age. 

There are, however, some indi- 
cations that, after the deposition 
of the Pamlico, the sea stood 
lower than at present and that 
there was some erosion and a sub- 
sequent drowning.*’ This low 
stand of the sea is thought to 
have occurred during the last 
(Wisconsin) glaciation. 

Daly ** has suggested that there 
has been a recent fall of sea level, 
of about 16 feet, which occurred 
possibly at the end of the “Post- 
Glacial Warm Stage,” some 7,000 
to 3,000 years ago; he has ob- 
served a post-glacial terrace in 
various parts of the world. 


86 That a cool climate existed as far south 
as Florida during a glacial stage is suggested 
by the presence of the larch in the deposit at 
Dahlonega, Georgia, and by the cold-water 
diatoms in Florida peat deposits. 

87 C. Wythe Cooke: Tentative ages of Pleisto- 
cene shorelines, Wash. Acad. Sci., Jour., vol. 25 
(1935) p. 331-333. 

88 R. A. Daly: A general sinking of sea level 
in recent time, Nat. Acad. Sci., Pr., vol. 6 
(1920) p. 246-250. 
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This recent world-wide sinking of sea level has been questioned,®® and 
there is no evidence for such a eustatic shift on the east coast of the 
United States, south of the terminal moraine. 

In 1934, Daly®® expressed doubt as to his earlier hypothesis (a sinking 
of sea level caused by a moderate increase of the ice caps) and offered 
another possible explanation of the raised benches, based upon dynamic 
considerations. 

It is thought that the Pamlico is older than a few thousand years, 
probably as old as the last major interglacial stage. The following argu- 
ments favor this view: 


(1) The amount of erosion that has taken place since the deposition 
of the Pamlico, although small, is not likely to have taken place in a few 
thousand years. 


(2) Under Raritan Bay, New Jersey, the marine Cape May (=Pam- 
lico) is overlain by a deposit, up to 100 feet thick, of presumably 
post-glacial river silts, also suggesting considerable antiquity for the 
Cape May.” 


(3) In the swamp country of southern Virginia and North Carolina, 
the marine Pamlico is overlain by more than 10 feet of peat and plant 
remains. It seems unlikely that this material could have accumulated 
in a few thousand years. The history of the Dismal Swamp, as traced 
by Lewis and Cocke,®? implies considerable age as measured in years. 

Dachnowski-Stokes and Wells** have worked out the history of the 
peat deposits in Carteret County, North Carolina. From a study of 
peat profiles, they show evidence that, after the deposition of the Pamlico 
shells, there was a lowering of sea level, during which much of the peat 
was deposited. Later, “the sea rose, probably owing to the return of the 
cool waters from melting ice sheets in the north.” 


(4) In various parts of Florida, extensive peat deposits carry a cold- 


89 W. A. Johnston: Lack of evidence on the Pacific coast of Canada for a recent sinking of ocean 
level, Am. Jour. Sci., 5th ser., vol. 12 (1926) p. 249-253. 

%R. A. Daly: The Changing World of the Ice Age, Yale Univ. Press, New Haven, Conn. (1934) 
p. 163. 

%1 Paul MacClintock and H. G. Richards: Correlation of Late Pleistocene marine and glacial deposits 
of New Jersey and New York, Geol. Soc. Am., Bull., vol. 47 (1936) p. 289-338. 

% Ivey Lewis and E. C. Cocke: Pollen analysis of Dismal Swamp peat, Elisha Mitchell Sci. Soc., 
Jour., vol. 45 (1929) p. 37-58. 

3 A, P. Dachnowski-Stokes and B. W. Wells: The vegetation, stratigraphy and age of the “Open 
Land’’ peat area in Carteret County, North Carolina, Wash. Acad. Sci., Jour., vol. 19 (1929) p. 8. 
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water flora of diatoms.** Near Milton, Santa Rosa County, in the 
extreme western part of the State, this peat is underlain by a deposit 
containing a brackish-water flora (diatoms). This brackish-water flora 
has been correlated with the Pamlico,®* which is overlain by the cold- 
water peat, probably deposited during part of the Wisconsin stage. 

Whether the “last interglacial stage” be Peorian or Sangamon is still 
uncertain. The extent of the intervening Iowan glaciation is not known. 
According to Cooke,®* the Pamlico dates from the Peorian; the erosion 
interval at the base of the Pamlico, shown on the Neuse River below New 
Bern, North Carolina (Locality 50), may indicate the Iowan glacial ad- 
vance. The 42-, 70-, and 100-foot terraces, according to Cooke, may date 
from the Sangamon interglacial stage. 

Leverett *’ correlates the 100-foot Wicomico terrace with the outwash 
of the Illinoian glaciation along the Susquehanna River in Maryland and 
Pennsylvania, and, accordingly, dates the Wicomico from the Sangamon. 

Therefore, if Cooke’s and Leverett’s correlations are correct, the Pam- 
lico may well date from the Peorian interglacial stage. 

On the other hand, recent work in the Middle West has tended to 
minimize the importance of the Peorian, and there is some question as 
to whether there would have been enough de-glaciation at that time to 
have brought about the high sea level of the Pamlico. 

Therefore, although the evidence suggests that the Pamlico formation 
dates from the “last interglacial stage,” accurate correlation is not yet 
established. 

TABLE OF FAUNA 


In Table 4, those species marked with an asterisk were not collected 
or examined by the writer, but are included on the authority of previous 
workers. 


%G. D. Hanna: Diatoms of the Florida peat deposits, Fla. Geol. Surv., Ann. Repts. 23-24 (1933) 
p. 68-119. 

% H. Gunter and G. M. Ponton: Notes on the geology and occurrence of some diatomaceous earth 
deposits of Florida, Fla. Geol. Surv., Ann. Repts. 23-24 (1933) p. 62. 

%C. Wythe Cooke: Tentative ages of Pleistocene shorelines, Wash. Acad. Sci., Jour., vol. 25 
(1935) p. 333. 

™ Frank Leverett: Glacial deposits outside the terminal moraine in Fennsylvania, Penn. Topog. 
Geol. Surv., Bull. G-7 (1934) p. 33-34. 
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TABLE 4.—Faunas of the Pamlico 


Fauna — Maryland | Virginia ae: om. Georgia 
PorIFERA 
Cliona sulphurea Desor 6, 20 
CoELENTERATA 
Astrangia danae Agassiz 38 41, 49 70, 71 
Astraea crassa Holmes 
(A. marylandica Conrad) 41 
Bryozoa 
*Hemiseptella tuberosa Canu and Bassler 75 
*Rhynch verruculatum Smitt 75 
Schizopodrella unicornis Johnston 75 
Smittina trispinosa Johnston 75 
*Stylopoma spongites Pallas 75 
Acanthodesia savartii Savigny Aydouin 20 71 
Cupularia umbellata Defrance 38 41 71 
Cupularia denticulata Conrad 38 41 
Hipporedra minuta Canu and Bassler 41 
Electra monostachys Bush 20 
*Tremogasterina sp. 71 
*Membranipora sp. 49 
ANNELIDA 
Eupomotus dianthus Verrill 3 
EcHINODERMATA 
Mellita quinquesperforata Leske 41, 49 66, 68, 70 
Arbacia sp. 41 
Crustacea 
*Balanus perforatus Brugiere 73, 75 
Balanus crenatus Brugiere 6, 20 58 
Balanus sp. 2,4 36 52 61, 71 77 
Callinectes sapidus Rathbun 6, 8, 20 41, 49 
Persephona punctata Linnaeus 41 
Lnbinia dubia Milne-Edwards 41 
Cancer irroratus Say 20 
Chloridella empusa Say 20 
PELECYPODA j 
Nucula prozima Say 19, 20 30,38 | 41, 49, 50, | 61, 71, 75 
51, 53, 58 
Leda acuta Conrad 19, 20 39 = 50, 51, | 73 
Yoldia limatula Say 20 41, 43, 50, | 75 
Arca campechiensis Say 1,3 |5 30, 35, | 41, 45, 47, | 61, 66, 67, 
(A. pexata Say) 38 48, 49, 50, | 70, 71, 72, 
* Species not collected by the writer. 
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Taste 4.—Faunas of the Pamlico—continued 


Fauna Maryland | Virginia Georgia 
Arca ponderosa Sa: 5, 19, 20 | 30, 33, 43, 46, | 60, 61, 67, | 77, 78 
. 34, 38 | 47, 48, 49, | 70, 71, 72, 
, 52, 53, 75 
Arca occidentalis Philippi 63 
Arca ineongrua Say 41, 48 63, 70, 72, | 77, 78 
73, 75 
Arca adamsi Smith 73 
Arca transversa Say 6, 18, 19, | 30,38 | 41, 43, 45, | 60, 61, 70, | 77 
20 46, 47, 48, | 71, 73, 75 
49, 50, 51, 
53 
Arca subsinuata Conrad 49 
[Pliocene?] 
*Arca lienosa Say [?] 75 
*Pteria colymbus Bolten 73,75 
*Atrina serrata Sowerby 75 
*Atrina rigida Dillwyn 73, 75 
Glycymeris americana Defrance 75 
Glycymeris pectinata Gmelin 72, 73, 75 
Ostrea virginica Gmelin 1, 2,| 5, 6, 7, 8, | 24, 25, | 41, 45, 46, | 60, 61,62, | 77, 78, 
3,4 16, 17, 19, | 26, 27, | 47, 48, 49, | 63, 64,71, | 79, 80, 
20, 21, 23 | 28, 29, | 50, 52, 53, | 73, 75 
30, 31, | 55 
34, 35, 
36, 38 
Ostrea cristata Born 41 
Plicatula gibbosa Lamarck 75 
*Plicatula marginata Say (?) 51 
Pecten gibbus irradians Lamarck 3 5 41, 44, 46, | 75 
Pecten nucleus Born 49 
*Pecten exasperatus Sowerby ? (Pugh) 
*Lima scabra Born ? (Pugh) 
Anomia simplex Orbigny 1,3 |5 48, 50, 70, 73, 
5 
Mytilus edulis Linnaeus 3 ? (Pugh) 
Mytilus hamatus Say 6, 20 32 45 
Mytilus exustus Linnaeus 75 
*Modiolus modiolus Linnaeus 73, 75 
Modiolus demissus Dillwyn 1,2 5 32 61 
* Modiolaria lateralis Say 75 
eo leucopheata Conrad 41 
(Dreissena leucopheata Conrad) 
Pandora trilineata Say 38 50, 51 75 
Pandora gouldiana Dall 20 
Pandora carolinensis Bush 41 
(P. arenosa Conrad) 
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Taste 4—Faunas of the Pamlico—continued 


South 


Fauna Dee Maryland | Virginia Pe nn Carolina | Georgia 
Lyonsia hyalina Conrad 19 
Polymesoda carolinensis Bose 41 75 
(Cyrena carolinensis Bosc) 

Crassinella lunulata Conrad 38 41, 48, 51 | 71, 73, 75 

Crassinella lunulata parva Adams 33, 38 

Cardita floridana Conrad 48, 51 75 

Venericardia tridentata Say 30, 38 | 41, 48, 49, | 61, 66, 68, 

51, 55, 57 | 71, 75 

*Chama congregata Conrad 73 

Chama macerophylla Gmelin 48 

Echinochama arcinella Linnaeus 75 
*Diplodonta soror Adams 73, 75 

Diplodonta punctata Say 50, 51 ? (Pugh) 
*Diplodonta semiaspera Philippi 73 

Phacoides amiantus Dall 51 73, 75 

Phacoides crenella Dall 39 ry 46, 47, | 61, 71, 72 

Phacoides radians Co~rad 41 66, 75 

Phacoides multilineatus Tuomey and 51 73, 75 

Holmes 

Phacoides trisulcata Conrad 41 66, 75 

Phacoides nassula Conrad 41 

Divarcella quadrisulcata Orbigny 20 38 41, 45, 46, | 61, 66, 70, 

47, 48 (?) | 71, 73, 75 

Codakia costata Orbigny 41 71 
*Sportella protezta Conrad 73, 75 

Anisodonta elliptica Conrad 


(Sportella constricta Conrad) 


*Anisodonta carolina Dall 


Aligena elevata Stimpson 
(Montiacuta bidentata Gould) 


20 


Bornia longipes Stimpson 


*Bornia mazyckii Dall (?) 


*Bornia aff. lioica Dall 


Rochefortia planulata Stimpson 


Cardium robustum Solander 


Cardium muricatum Linnaeus 


Cardium isocardia Linnaeus 


Cardium serratum Linnaeus 
(Cc. igatum Linnaeus) 


Cardium mortoni Conrad 


Dosinia elegans Conrad 


Macrocallista nimbosa Solander 


1649 : 
72,75 
: | 
30 
? (Pugh) 
50, 51 
_— | 41, 45, 49, | 66, 71, 73, | 77 a 
50, 51 75 
61, 70, 73, 
75 
72, 73 
34 41 61, 75 
41 75 
41,49 | 75 
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Taste 4—Faunas of the Pamlico—continued 
Dela | | Virnia| | | 
Callocardia morrhuana Linsley 38 41 
(Cytherea convexa Say 
*Cylichnella tenuis Recluz 73 
Chione cancellata Linnaeus 33, 34 | 41, 46, 47, | 60, 61, 66, 
48, 49, 53 | 71, 73, 75 
Chione grus Holmes 73, 75 
Chione latilirata Conrad 41 66 
Venus mercenaria Linnaeus 1, 2,| 5, 6, 19, | 28, 30, | 41, 43, 44, | 60, 61, 63, | 77 
3 20 31, 35, | 46, 47, 48, | 71, 73, 75 
36, 38 | 49, 50, 53, 
, 56 
Venus mercenaria notata Say 75 
*Venus mercenaria quadrata Dall 48 
Venus campechiensis Gmelin 36,38 | 41, 47, 49 $1, 71, 73, 
Gemma gemma Totten 3 20 30, 38 | 41, 48, 49 
*Gemma Magna Dall 51 
Petricola pholadiformis Lamarck 3 20 45 70, 73, 75 | 77 
Petricola lata Dall 75 
(P. dactylus Sowerby) 
*Petricola typica Jonas 75 
Tellina alternata Say 41 zi. 72, 73, 
Tellina tenera Say 20 38 41, 43 61 
Tellina lintea Conrad 41 73, 75 
Tellina sayi Deshayes 48, 50, 51 | 73, 75 
Macoma balthica Linnaeus 3 20 32 70, 75 
Macoma calcarea Gmelin 14, 20 70 
Macoma constricta Brugiere 70 
Macoma tenta Say 75 
Strigilla flexuosa Say 73, 75 
Tellidora cristata Reclusz 41 73, 75 
Semele bellastriata Conrad 41 71, 73, 75 
Semele proficua Pulteney o. 70, 73, 
*Semele transversa Say 72 
Abra aequalis Say 38 50, 51 75 
*Abra angulata Holmes 73, 75 
Cumingia tellinoides Conrad 20 30,38 | 58 61, 73, 75 
Donaz fossor Say 41 88, 70, 73, 
Donaz variabilis Say 33 41, s 49, | 66, 67 77 
Tagelus gibbus Spengler 1, 2,/5,19,20 | 32 41, 43 61, 70, 71, 
3 72, 73, 75 
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Taste 4—Faunas of the Pamlico—continued 


Dela- 


North 


South 


Fauna ware | Maryland | Virginia) | Caro’ Georgia 
Tagelus divisus Spengler 50 61 
Ensis directus Conrad 3 5, 20 35, 37, | 41, 45, 47, | 73, 75 
38 48, 49, 50, 
51, 53, 58 
*Ensis minor Dall 73, 75 
Solen viridis Say 75 
Siliqua costata Say 41 
Mactra solidissima Dillwyn 3 38 41, 53, 56 os. 70,71, 
Mactra similis Say 67, 73, 75 
Mactra fragilis Gmelin 75 
*Mactra procera Solander 48 
Mulinia lateralis Say 3 6, 12, 18, | 30, 35, | 41, 43, 45, | 60, 61, 66, | 77 
19, 20 38 46, 47, 48, | 67, 68, 70, 
71, 72, 73, 
Mulinia sapotilla Dall 49 
(Pliocene?) 
*Mactra milesii Holmes (?) 75 
Rangia cuneata Gray 11, 12, 19, | 24, 28 67, 68, 72 
20, 21, 22 
Labiosa caniculata Say 41 71, 75 
Labiosa lineata Say 75 
*Ervilia concentrica Gould 73, 75 
(Mesodesma concentrica Holmes) 
Mya arenaria Linnaeus 1 5, 19, 20 45 72, 75 
Corbula contracta Say 20 30, 39 | 41, 48, 49, | 61, 72, 73, 
58 75 
Corbula operculata Philippi 41 
*Paramya subovata Conrad ? (Pugh) 
Sazii arctica Li 38 46 
Pholas costata Linnaeus 3 5. 18, 19, | 24,34 | 41, 45, 49 oe 70, 71, 
Pholas truncata Say 75 
Pholas campechiensis Gmelin 75 
*Martesia cuneiformis Say 73, 75 
*Gastrochaena cuneiformis Spengler 75 
Teredo sp. 59 
*Xylotrya palmilata Leach 72 
Elliptio complanatus Solander 10, 15, 19, 
(Unio complanatus Solander) 20 
Elliptio, sp. 13, 19, 20 78 
GasTROPODA 
Fissurella alternata Say hg 71, 73, 
*Vitrinella multicarinata Dall 72 


53 
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Taste 4—Faunas of the Pamlico—continued 


ak granulatum 


Lamarck 
rchitectonica granulatum Lamarck) 


Fauna 
Gastroropa—Continued 
*Cochliolepis nautiliformis Holmes 72 
*Teinostoma cryptospira Verrill 
*Teinostoma sp. 51 
Scalaria angulata Say 73, 75 
Scalaria humphreysti Kiener 41 73, 75 
(S. sayana Dall) 
Scalaria lineata Say 41, 49 ,50 | 73,75 
Scalaria multistriata Say 58 75 
*Scalaria cf. semanae Orbigny 
*Scalaria denticulata Sowerby 
*Melanella canoidea Kurtz and Stimpson 73, 75 
(Eulima canoidea Kurtz and Stimpson) 
Melanella intermedia Contraine 41 
Pyramidella crenulata Holmes 41, 45, 46 | 73, 75 
Turbonilla interrupta Totten (?) 58 72, 73, 75 
*Turbonilla nivea Stimpson 72, 73, 75 
Turbonilla reticulata Adams (?) 58 72, 73, 75 
*Turbonilla speira Ravenel 73, 75 
*Turbonilla protracta Dall 75 
*Turbonilla pupoides Orbigny (?) 75 
Turbonilla puncta Adams 
Turbonilla conradi Bush (?) 41 
Odostomia impressa Say ? (Pugh) 
Odostomia seminuda Adams 41, 47 72, 73, 75 
Odostomia acutidens Dall 
Natica pusilla Say 73, 75 
48, 49, 0, | 71,78, 79 
51, 58 
Polinices heros Say 41 72 
Sinum perspectivum Say 41, 48, 50 | 73, 75 
(Sigaretus perspectivus Say) 
*Calyptraea centralis Conrad 75 
Crepidula fornicata Li a, 41, 47, 48, | 61, 73, 75 
3 , 58, 59 
Crepidula plana Say 41, 48, 50, | 73, 75 
53, 58 
Crepidula convexa Say 41, 43, 46, | 63, 75 
49, 53 
*Crepidula aculeata costata Linnaeus 73 
*Adeorbis holmesii Dall 75 
Adeorbis sp. 50 
75 


78 
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Taste 4—Faunas of the Pamlico—continued 


1653 


Fauna Maryland | Virginia Georgia 
GasTropopa—Continued 
Littorina irrorata Say 5 31, 34 41, 45 7 71, 73, | 78 
*Serpulorbis decussta Gmelin 75 
Vermicularia spirata Philippi 38 51 
Vermutus nigricans Dall 30 
*Caecum cooperi Smith 39 
Cerithiopsis subulata Montagu 41 71 
Seilaladamsii Lea 30 73 
Triphora perversa Linnaeus 20 
*Bittium cerithidioides Dall 75 
Bittium alternatum Say 36 
(B. nigrum Totten) 
Strombus pugilis alatus Linnaeus 75 
*Pyrula papyratia Say ? (Pugh) 
Murez pomum Gmelin 72,73 
Murex fulvescens Sowerby 78 
(M. spinicostatus Val.) 
Eupleura caudata Say 5, 6, 19, | 38 41, 49, 50 | 66, 70, 73, 
20 75 
Urosalpinz cinerea Say 20 41, 51 hg 71, 73, 
Thais floridana Conrad 5 
Columbella avara Say 5 39 41, 49, 50 | 61, 73, 75 
Columbella lunata Say 6,19, 20 | 34 Hy 4 50, | 73, 75 
Columbella obesa Adams 50, 51 71, 73, 75 
(C. ornata Ravenel) 
Nassa obsoleta Say 1, 2,|5, 6, 19, | 34,36 | 41, 43, 49, | 60, 61, 68, 
3 50, 51, 53 | 70, 71, 73, 
75 
Nassa trivittata Say 3 5,19, 20 | 34, 35, | 41,43, 45 | 66, 75 
46, 47, 48, 
49, 50, 51, 
, 58 
Nassa vibex Say 3 5 34 41 70, 71 
Nassa acuta Say 38 41, 46, 47, | 71, 73, 75 | 77 
49, 50, 51, 
53 
Cantharus cancellaria Conrad 70, 71, 73, 
(Tritonidea cancellaria Conrad) 75 
Cantharus tinctus Conrad 75 
Fulgur canaliculata Linnaeus 3 19 34,39 | 41, 45, 47, | 70, 71, 75 
48, 49, 50, 
53 
Fulgur carica Gmelin 5,19, 20 | 34,38 | 41, 43, 48, | 61, 66, 73, 
49, 50, 55 | 75 
Fulgur perversa Linnaeus 3 34 41 61, 73, 75 
Fulgur pyrum Dillwyn 75 
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TaBLe 4—Faunas of the Pamlico—continued 


Fauna Dele | Maryland | Virginia| (North | South | | Georgia 
Gastropopa—Continued 
Fasciolaria distans Lamarck 73, 75 
Fasciolaria gigantea Kiener 73, 75 
Fasciolaria tulipa Li 75 
*Fusus minor Holmes 75 
*Fusus conus Holmes 73 
*Fusus bullata Holmes 73 
*Fusus filiformis Holmes 75 
*Fusus rudis Holmes 75 
*Mitra wandoensis Holmes 72 
Marginella apicina Menke 72, 73, 75 
Marginella limatula Conrad 38 72, 73, 75 
Oliva sayana Ravenel 41, 44, 46, | 60, 66, 67, 
(0. litterata Lamarck) =. 48, 49, | 71, 73, 75 
Olivella mutica Say 35, 38 | 41, 45, 46, | 66, 68, 73, 
48, 49, 51 | 75 
Terebra dislocata Say 20 41, 46, 47, | 61, 66, 70, 
48, 49, 50, | 73, 75 
51 
Terebra concava Say =. 47, 50, | 75 
Terebra protexta Conrad 75 
*Drillia sp. 58 
*Glyphostoma sp. 58 
Mangelia cerina Kurtz and Stimpson 6, 19, 20 41, 50, 51 | 73, 75 
Cancellaria reticulata Linnaeus 75 
Acteoci: liculata Say 19, 20 38 41, 46, 47, | 61, 73, 75 | 77 
(Tornitina canaliculata Say) = 50, 51, 
Melampus lineatus Say 5 71 
(M. bidentatus Say) 
*Volva acicularis Adams 73, 75 
*Angaria crassa Holmes 73, 75 
*Planorbis lentus Say 75 
AMPHINEURA 
*Chiton apiculatus Say 75 
PTEROPODA 
*Cavolina gibbosa Rang (?) 75 
ScaPHOPODA 
Dentalium sp. 58 
Cadulus sp. 47 
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INTRODUCTION 


The Frederick Valley is a narrow limestone valley, less than 25 miles 
long, lying east of the Catoctin Mountain-Blue Ridge uplift, which sepa- 
rates the Frederick Valley from the Hagerstown Valley to the west. The 
crystalline rocks of the Piedmont Plateau border the valley on the east, 
and Triassic sedimentary rocks cut it off on the north and south and 
border it on the west. 

The valley sides contain blue slaty Frederick limestone; massive, 
purer Grove limestone occupies its center. The Frederick limestone 
rests on the Lower Cambrian Antietam quartzite on the east side of the 


valley. 
Philip T. Tyson* first suggested that the Frederick limestone is of 


1Philip T. Tyson: Geologic formations of Maryland, State Agricultural chemist, 1st rept. to Md. 
House of Delegates (1860) p. 35. 
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Chazyan and Black River age. Keyes,” in 1890, reported that brachiopods 
collected in the valley were of Chazyan or Trenton age. In his 1919 report 
on the Cambrian and Ordovician of Maryland, Bassler’ concluded that 
the Frederick limestone was probably of Chazyan age, a view based 
largely on his determination of fossils found near Frederick, two of which 
were the brachiopod Strophomena stosei Bassler and the trilobite Acidas- 
pis ulrichi Bassler. The more massive limestone, quarried at many places 
in the valley, he called Beekmantown,*‘ on the basis of cephalopods found 
in it at Le Gore quarry, at the north end of the valley. 


RECENT FIELD WORK 


In 1927, Jonas mapped the limestones of the Frederick Valley, during 
a geological survey of Frederick County for the Maryland Survey, and 
found that the Frederick limestone is separated from the overlying purer 
Grove limestone by beds of limestone containing abundant rounded quartz 
grains; in places, this quartzose limestone is interbedded with limestone 
conglomerate. In 1933, Stose and Jonas, in studying the structure of the 
valley limestones, became convinced that the valley is synclinal and that 
the Frederick limestone underlies the purer Grove limestone, at the base 
of which are the quartzose beds. The quartzose beds, distinctly a part 
of the Grove limestone, suggest the beginning of a formation. The quartz 
grains are rounded and probably were in part wind blown. Current- 
bedding in these beds suggests delta deposition. The association of 
the limestone conglomerate with the quartzose limestones suggests that 
they are basal beds, deposited after an interval of erosion. 


STRUCTURAL AND STRATIGRAPHIC EVIDENCE 


Evidence of the synclinal structure of the limestones in Frederick Val- 
ley was obtained largely at the Grove quarry southeast of Frederick, but 
confirmatory evidence was found at many other places, especially in the 
area just northwest of the Grove quarry, at Ceresville, and northwest of 
Ceresville. 

The beds of the Grove limestone in the active Grove quarry, a mile 
southeast of Frederick, clearly show a synclinal structure (Fig. 1). If 
these limestones were older than the Frederick limestone, as formerly 
regarded, this syncline must be a local fold in a larger anticline. The 
dips of the rocks west of the quarry, however, indicate a broad synclinal 
structure. On the west side of the Grove quarry the quartzose beds, at 


2C. R. Keyes: Discovery of fossils in the limestones of Frederick County, Maryland, Johns Hop- 
kins Circ., vol. 10 (1890) p. 32. 

*R. 8. Bassler: The Cambrian and Ordovician, Md. Geol. Surv. (1919) p. 115-117. 

4 Op cit., p. 114-115. 
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the base of the Grove limestone, dip eastward beneath the quarry rock, 
and the attitude of the current-bedding in these quartzose beds shows 
that they are in normal position and not inverted. In a small abandoned 
quarry, just west of the active Grove quarry, thin-bedded limestone of 
the Frederick type dips gently eastward beneath the quartzose beds. 


Ficure 1—Section across Grove quarry 


At Grove Station, southeast of Frederick, showing the synclinal character of the Grove limestone in 
the quarry. Dark-gray limestone with numerous rounded glassy quartz grains, 40 to 50 feet thick, at 
base of formation, are overlain by about 120 feet of dark to light dove-colored high-calcium lime- 
stone, the upper layers of which contain scattered grains of rounded quartz. 


Westward, to and beyond Frederick, lower beds of the Frederick, with 
eastward dips, are almost continuously exposed, but there is some minor 
close folding (Fig. 2). 

Directly east of the Grove quarry the dip of the Grove limestone and 
that of the basal quartzose bed are gently westward, in harmony with the 
dips of the beds on the east side of the quarry, but farther east the 
quartzose beds are repeated by minor folding. 

North of the Baltimore and Ohio Railroad track at the Grove quarry 
the quartzose limestone on the west side of the belt of Grove limestone 
bends sharply westward around a minor fold and dips gently northeast 
beneath the purer limestones of the Grove. Northeast of Frederick, these 
quartzose beds resume their northeastward trend. These relations indi- 
cate a minor syncline and show that the sequence of beds is normal and 
that the Grove limestone overlies the Frederick. 

In a small quarry at Ceresville, 4 miles northeast of Frederick, the 
quartzose beds are exposed in a gentle anticline, underlain by thin-bedded 
fossiliferous limestone of the Frederick type (Fig. 3). This is a minor 
anticline within the synclinal belt of Grove limestone (Figs. 2, 3-B). 
On the east side of the quarry, a marked angular unconformity is exposed 
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FREDERICK 


SMILES 


Fiaure 2—Geological map of vicinity of Frederick 
Minor folds in Grove limestone and dips of beds indicate synclinal character. 


Shale in lower part 


of Frederick limestone is close to basal contact with Antietam quartzite. (F) Fossil collection points. 


(Og) Grove limestone; (€f) Frederick limestone; (€a) Antietam quartzite. Heavy lines, faults. 
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within the beds beneath the quartzose base of the Grove limestone. Fos- 
sils of Frederick type are found in beds both above and below the uncon- 
formity (Fig 3). The unconformity is evidently local and does not rep- 
resent a marked break in sedimentation. 

The quartzose beds on the west side of the belt of Grove limestone, 
which strike almost due north at Ceresville, bend sharply westward a 


Ficure 3.—Sections across Ceresville quarry 


A.—Showing the anticlinal character of the beds in the quarry. Fossiliferous Frederick limestone, 
within which is a marked unconformity, is overlain by the quartzose beds at the base of the Grove 
limestone. 

B.—General section, showing the anticline at the Ceresville quarry to be a minor fold in 
a broader syncline. 


mile to the north, around another minor syncline, and then resume their 
northerly trend (Fig. 2). The dip of the quartzose beds changes, from 
25° E. to 20° NE., and back to 20° E. beneath the Grove limestone, 
establishing the normal sequence of the beds. 

At the north end of the Frederick Valley, 2% miles southwest of Le 
Gore, the quartzose beds at the base of the Grove limestone on the west 
side of the syncline contain a greater proportion of quartz grains than 
elsewhere and are, therefore, more resistant, weathering to slabby porous 
sandstone, which makes a prominent ridge southwest of Chestnut Hill 
(Fig. 4). These quartzose beds dip 40° to 55° east, beneath the purer 
limestones of the Grove. In Le Gore quarry, the Grove limestone, which 
is here exceptionally pure calcium carbonate, dips 70° east. Just east 
of the quarry, the quartzose beds at the base of the Grove also dip 70° 
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Fiaurs 4.—Geological map of Frederick Valley 
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east (Fig. 5). As this steep eastward dip is on the east side of the syn- 
cline, the east limb of the fold is evidently overturned. It is to be noted 
that this east dip is steeper than the east dip on the west limb of the 
syncline, as it would be in an overturned or recumbent synclinal structure. 

The synclinal structure is established by this evidence, and the main 
body of the Grove limestone, therefore, occupies a syncline, which widens 
northward, from about a mile in breadth on the south to 2 miles at its 
northern end, as shown on the geological map (Fig 4). Several narrow 
synclinal bands of Grove limestone are west of this central belt, as shown 
on the map, and in some of these quartzcse limestone, conglomerates are 
associated with the quartzose beds, which characterize the base of the 
Grove. 

Continuous exposures of the Frederick limestone are not available, and 
the sequence and thickness of beds cannot be accurately determined. A 
composite section of the formation, showing the general sequence and 
approximate thickness of beds, is as follows: 


Frederick limestone 


Feet 


Thin slabby dark-blue limestone, containing a 20-foot bed of thick-bedded, 

pure, irregularly laminated limestone, probably an algal reef (exposed in 

small quarry west of Grove quarry). Probably equivalent to the fos- 

siliferous beds in the Ceresville 50+ 
Slabby thin-bedded argillaceous blue limestone, weathering light-blue, and 

thin granular crystalline gray limestone, with numerous thin, dark, 

argillaceous partings; beds near the top generally fossiliferous. (Many of 

the fossils collected from the Frederick limestone were obtained from 

stone west of tie Grove 200+ 
Shaly limestone and banded argillaceous limestone, weathering to soil with 

Black to gray shale (exposed chiefly on east side of the valley, as shown in 

Buff earthy limestone, weathers to buff tripoli and porous earthy sandstone.. 15+ 
Blue mottled and irregularly banded argillaceous limestone, weathering to 

buff earthy reticulate network, and lenticular pure limestone in argillaceous 

matrix, weathering to knotty, spotted conglomerate-looking rock (exposed 

in small quarry beside Washington highway (U. S. 240), on east side of 


Monocacy River, 4 miles southeast of Frederick)...................... 40+ 


The lower beds of the formation are exposed only on the east side of 
the valley, owing to their overlap by Triassic sedimentary rocks at the 
west and to their down-faulting along the western boundary of the Tri- 
assic (Fig 4). It is, therefore, at the east that the relation of the Fred- 
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erick limestone to the underlying rocks is exposed. Here, the Frederick 
clearly overlies the Antietam quartzite, which makes the eastern border 
of the valley and is exposed in several anticlines within the Frederick 
limestone. The anticlinal character of the Antietam is shown by its dips 
in the road-cut of a low hill on the Baltimore highway (U. S. 40) 
west of the Monocacy River bridge (Fig. 2). The lithology of the 
quartzite in this anticline is characteristic of the Antietam, and trilobite 
spines found in it, on the flanks of the hill south of the highway, are also 
typical of the Antietam and confirm its Lower Cambrian age. The Fred- 
erick limestone overlies the Antietam quartzite throughout this part of 
the valley, and the shale near its base can be traced around the plunging 
ends of the anticlines of Antietam (Fig. 2). These folds, however, are 
apparently broken on one side by minor normal faults. 

The section of the Grove limestone exposed in Le Gore quarry (Fig 5) 


is as follows: 
Grove Limestone 


Feet 
North wall of quarry: 

Chalky white to dove-colored, fine-grained limestone and marble; upper 
beds contain scattered quartz grains; one brachiopod found........ 80+ 

Fine-grained dark-blue limestone, some scattered quartz grains in lower 

South wall of quarry: 

Thick-bedded dark- to light-dove, pure fine-grained limestone containing 
crystalline specks, small crinoid stems and basal plates, and 

Thick-bedded fine-grained pure limestone......................00c0000e 100+ 


Thin-bedded platy to shaly dark argillaceous limestone, with dark graph- 

itic to buff argillaceous partings. At base, dark limestone banded with 

buff argillaceous laminae, apparently filling narrow irregular crevices 

and solution channels in underlying granular limestone............. 50+ 
Pure fine-grained gray limestone, some beds finely laminated and shaly, 

with dark carbonaceous partings. Thin lenticular dolomite near top; 

thick-bedded, fine-grained, pure, dove-colored limestone at base...... 60+ 
Thick-bedded limestone and glistening dolomite, some layers full of 

rounded grains of glassy quartz, probably in part wind blown, and 


showing current-bedding. 100+ 

Banded blue limestone and thin layers of granular limestone with scattered 
590+ 


FAUNAL EVIDENCE 
GENERAL STATEMENT 
In 1933, on the basis of the stratigraphic and structural evidence just 


given, the writers postulated the synclinal structure of the limestones. As 
this hypothesis was unsupported by the faunal evidence then at hand, 
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they collected many well-preserved fossils, not only from old localities 
but from several new ones, in both limestone formations. In 1934, E. O. 
Ulrich and A. F. Foerste, in a general study of the cephalopods of the 
Ozarkian system, concluded that the cephalopods from the north wall of 
Le Gore quarry were of Chepultepec age (upper Ozarkian, of Ulrich) and 
not middle Beekmantown (Canadian, of Ulrich) as previously thought. 
This new determination of the age for the limestone in Le Gore quarry, 
however, did not harmonize with the postulated synclinal structure of 
the valley, if the underlying Frederick limestone were of Chazyan age, 
as then supposed. 

In 1935, the writers, in a short paper ° on the limestones of the Frederick 
Valley, described the synclinal character of the limestones and proposed 
the name “Le Gore limestone” for the formation in the north wall of 
the quarry and “Grove limestone” for the purer beds to the south, that 
overlie the Frederick limestone. At that time, the Grove and the Fred- 
erick limestones were considered, on faunal grounds, to be of Chazyan 
age. They were separated from Le Gore limestone by an east-west fault, 
which passes through the quarry. Since then, faunal evidence has shown 
that the Grove limestone is equivalent in age to the small area of lime- 
stone called “Le Gore,” and the name Le Gore is, therefore, abandoned. 

The trilobites and brachiopods previously collected, and others re- 
cently collected from new localities, were re-studied by E. O. Ulrich, 
Josiah Bridge, and G. Arthur Cooper, and in October, 1935, a trip for the 
purpose of collecting more fossil material was made to the valley by 
Ulrich, Foerste, Cooper, Mesler, Stose, and Jonas. During this trip, 
brachiopods were collected from the Grove limestone in the Grove quar- 
ries just southeast of Frederick, from which fossils had not previously 
been obtained, and additional fossils were collected from Le Gore quarry 
and from a small quarry at Ceresville. 


FOSSILS IN THE FREDERICK LIMESTONE 


Brachiopods found in the Frederick limestone southeast of Frederick 
and at Ceresville are now considered by G. A. Cooper to be of Upper 
Cambrian age. The brachiopod previously identified as Strophomena 
stoset (Bassler), from the vicinity of Frederick, is stated by Cooper ° 
to belong to “a genus common and ubiquitous in the Upper Cambrian.” 
Two additional species of this same genus were collected at Ceresville. 
The trilobite previously identified as Acidaspis ulrichi Bassler, found in 
the Frederick limestone near Frederick, is regarded by E. O. Ulrich, G. A. 
Cooper, and P. E. Raymond as probably also of Upper Cambrian age. 


5G. W. Stose and Anna I. Jonas: Limestones of Frederick Valley, Maryland, Wash. Acad. Sci., 
Jour., vol, 25 (1935) p. 564-565. 
6 Personal communication. 
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A nearly complete trilobite of another genus, found at Frederick, also in- 
dicates this age. These fossils will be fully described by Ulrich and 
Cooper in forthcoming reports. Cooper ° states that the age of the Fred- 
erick limestone, as determined by the fossils, is “high in the Cambrian.” 


Ficurs 5—Le Gore quarry 


Showing divisions of the Grove limestone south of the east-west shear fault, and the probably 
equivalent divisions in the north wall. 
North wall: (G) White to dove-colored limestone, one Seotieped ; 
(F) Dark dove-colored pure limest hal 
South wall: (£) Light and dark dove-colored pere limestone, porn argillaceous partings, brachiopods 
and cystid plates; 
(D) Dark dove-colored pure limestone; 
(C) Thin-bedded slabby argillaceous limestone; 
(B) Pure, blue- to dove-colored limestone ; 
(A) Granular limestone full of rounded quartz grains. 


FOSSILS IN THE GROVE LIMESTONE 

As previously stated, Ulrich and Foerste have identified the cephalo- 
pods from the Grove limestone in Le Gore quarry, at the north end of the 
valley, as of Chepultepec age (upper Ozarkian, of Ulrich). The cephalo- 
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pods are found in the north wall of the quarry, in a gray limestone in 
contact with white limestone, in which a cave formerly existed (Fig. 5). 
The cephalopods collected in 1914 by Bassler, Ulrich, and Stose came 
from this cavern and are now identified by Ulrich and Foerste as Ecteno- 
lites (new genus), Levisoceras, Walcottoceras (new genus), and Camero- 
ceras,’ On the 1935 trip to Le Gore quarry, a single specimen of Clarko- 
ceras was found with the other cephalopods listed, in the gray limestone 
to the east of the white. Ulrich and Foerste * state that “this association 
of genera definitely indicates the age of this horizon as upper Ozarkian, 
and indicates a correlation with the Chepultepec limestone of the South- 
ern Appalachian Valley and the Gasconade limestone of Missouri.” The 
Chepultepec and the Gasconade are now classified by the United States 
Geological Survey as lowermost Ordovician. 

Cooper,® reporting on the brachiopods from the Grove limestone in the 
Grove quarry, states that he found “three species of brachiopods repre- 
senting the same number of genera. One of these species is widespread 
in rocks of upper Ozarkian age. The other two species belong to two 
genera of a group of brachiopods which range from Upper Cambrian to 
highest Canadian.” 

The brachiopods from the south wall of Le Gore quarry, according to 
Cooper,?® belong to no less than five genera, which, he states, “are all 
indicative of upper Ozarkian age.” They include the same three species 
of brachiopods found in the Grove quarry; he thinks that they represent 
the same horizon. These brachiopods were found in the southwestern part 
of the quarry, which is separated from the northern part, where the 
cephalopods were found, by a nearly vertical east-west fault (Fig. 5). 
Near the center of the north wall of the quarry, in white limestone, which 
is overturned and stratigraphically overlies the beds carrying the cephalo- 
pods, Cooper found a small brachiopod, which, he states, also “indicates 
upper Ozarkian age” of that portion of the quarry. This age of the Grove 
limestone is further confirmed by the finding, in Le Gore quarry, of a 
complete trilobite cranidium of a genus considered by Ulrich to be of 
Upper Ozarkian age. 

A few specimens of gastropods were collected by Cooper in October, 
1935, from the active Grove quarry southeast of Frederick. Bridge ™ 
states that “the specimens all belong to the genus Sinuopea. This genus 
is particularly abundant in the Van Buren and Gasconade formations of 
Missouri and in the Chepultepec of the Appalachian Valley.” 


7E. O. Ulrich and A, F. Foerste: New Genera of Ozarkian and Canadian Cephalopods, Denison 
Univ. Bull., Jour. Sci. Lab., vol. 30 (1935) p. 267, 272, 278, 289. 

8 Personal communication. 

® Personal communication. 

10 Personal communication. 

11 Personal communication. 
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CORRELATION 


The faunal evidence, therefore, shows that the Frederick limestone is 
of Upper Cambrian age and that the Grove limestone, which structurally 
overlies the Frederick, is of lowermost Ordovician age (upper Ozarkian 
of Ulrich.) The biologic, stratigraphic, and structural evidence now 
agree. In Frederick Valley, a systemic break is indicated by the faunal 
evidence between the Grove and the Frederick limestones. Such a break 
is suggested, also, by abundant rounded quartz grains in the lower part 
of the Grove limestone and by limestone conglomerate in the basal beds. 

The Grove limestone, on the basis of its fossils, is correlated with the 
Chepultepec limestone of the Appalachian Valley, which horizon has re- 
cently been faunally recognized by Ulrich and Foerste in the Hagerstown 
Valley, in beds of similar lithology, overlying the Conococheague lime- 
stone and below the Stonehenge,’* which is the base of the Canadian of 
Ulrich (Table 1). The equivalence in age of the Frederick limestone and 
the Conococheague limestone of the Hagerstown Valley is suggested by 
their stratigraphic position, but is not established by faunal evidence. 

An attempt to correlate the rocks of this area with those of the central 
sequence ?* of northwestern Vermont is, at best, tentative. A trilobite, 
similar to one found in the Frederick limestone, is found according to 
Raymond," in Schuchert’s Gorge formation at Highgate Falls. This for- 
mation has a basal conglomerate and unconformably overlies the Parker 
shale,!® which has for some time been regarded as equivalent to the Lower 
Cambrian Kinzers formation ** of southeastern Pennsylvania. C. E. Res- 
ser and B. F. Howell *? have shown the equivalency of the faunas of these 
two formations. Above the Gorge formation is a series that Schuchert 
calls the Highgate limestone and slate, which he classifies as Upper Cam- 
brian.’® Its basal beds are composed of limestone conglomerate and sili- 
ceous limestones. From these beds, C. H. Kindle ** has collected four 
genera of brachiopods, which Cooper *° declares are the same as those 
from the Grove limestone. Cooper states, also, that a brachiopod assem- 
blage like that from the Grove limestone “occurs in the Upper Mons of 


12R. S. Bassler: op. cit., p. 96-101. 

38 Arthur Keith: Cambrian succession of northwestern Vermont, Am. Jour. Sci., 5th ser., vol. 5 
(1923) p. 106-126. 

146 Personal communication to G. A. Cooper. 

15 Charles Schuchert: Cambrian and Ordovician stratigraphy of northwestern Vermont, Am. Jour. 
Sci., 5th ser., vol. 25 (1933) p. 362-364. 

16 G. W. Stose and A. I. Jonas: The Lower Paleozoic section of southeastern Pennsylvania, Wash. 
Acad, Sci., Jour., vol. 12 (1922) p. 359-363. 

17C, E. Resser and B. F. Howell: Olenellus zone and its fauna in the Appalachians, Geol. Soc. 
Am., Bull., vol. 44 (1933) p. 191. 

18 Charles Schuchert: op. cit., p. 375-377. 

%C. H. Kindle: Fauna from the upper thrust block at Highgate Falls, Vermont, Geol. Soc. Am., 
Pr. 1935 (1936) p. 386. 

2 Personal communication. 
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Figure 6.—Preliminary geological map of part of the Norristown quadrangle 
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(Tr) Triassic sedimentary rocks; Cc 
; (Ocp) phyllite; (Ocl) thick-bedded pure crystalline limestone and chert at base shown by crosses; (€e) Ebrook limestone; (€1) 


Ledger dolomite; (€v) Vintage dolomite; (€a) Antietam quartzite; (€hp) Harpers phyllite; (€c) Chickies quartzite; (Ch) Hellam conglomerate member; 


(p€) pre-Cambrian rocks; (D) downthrow side of normal fault; (F) fossils collected. Age of phyllite northwest of Henderson is not known. 
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Geodiferous-quartz chert at base of Conestoga limestone is fossiliferous at Henderson. 
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Alberta, Canada, and in the upper Ozarkian at Levis, Quebec, and in the 
Cow Head limestone breccia of western Newfoundland.” #4 


CONESTOGA LIMESTONE 


The Conestoga limestone ** of Pennsylvania has been considered by the 
writers to be in part equivalent to the Frederick limestone because the 
brachiopod found in the Conestoga limestone in the quarry of the York 
Stone and Lime Company, 5 miles east of York, was determined as 
Strophomena stosei,?® the same as that in the Frederick limestone. 
Cooper ** has studied these fossils and states that they are not Stropho- 
mena stosei, but are Nisusia festinata (Billings) ; that this genus is clearly 
indicated by the large apical foramen and peculiar deltidium character- 
istic of the genus Nisusia; and that it is known in the eastern United 
States from the Lower Cambrian only. Resser concurs in this opinion. 
Specimens of Nisusia were obtained in 1922, from the quarry of the York 
Stone and Lime Company, on the south face of a hill of Kinzers forma- 
tion. In 1936, Cooper and the writers found trilobites with Nisusia in 
this quarry. These trilobites have been identified by Resser as Ptycho- 
parella and Zacanthoides, the same genera as were found at York, in 
upper beds of the Kinzers. The rock of the quarry is blue argillaceous 
limestone, white marble, and limestone conglomerate, which are simi- 
lar to rocks in the upper part of the Kinzers formation above the 
Olenellus-bearing shale horizon. These rocks, therefore, should be in- 
cluded in the Kinzers formation and not in the Conestoga limestone. 
Except for crinoid stems, no fossils have been found in the Conestoga 
limestone in the Lancaster type area, and it can no longer be said to be 
of probable Chazyan age, as was formerly believed. 

Lewis Woolman and J. E. and H. G. Ives collected fossils, before 1900, 
from a limestone quarry at Henderson station in Chester Valley, 2 miles 
south of Norristown. The fossils are cephalopods and gastropods, which, 
at that time, were determined as Beekmantown. Henderson station is 
in the Norristown quadrangle, which is one of the four quadrangles de- 
scribed in the Philadelphia folio.2* On the maps in that report, the lime- 
stones of Chester Valley are not separated into formations but are mapped 
as Shenandoah limestone and are stated to be of Cambro-Ordovician age. 
To the west of the Norristown quadrangle, throughout the Chester, Quar- 


21 Charles Schuchert and C. O. Dunbar: Stratigraphy of western Newfoundland, Geol. Soc. Am., 
Mem. I (1934) p. 73-74. 

22 G. W. Stose and A. I. Jonas: op. cit., p. 322. 

3A, I. Jonas and G. W. Stose: Geology and mineral resources of the New Holland quadrangle, 
Pennsylvania, Pa. Top. Geol. Surv., Atlas no. 178 (1926) p. 15. 

24 Personal communication. 

2% F, Bascom and others: Description of the Philadelphia district, U. 8. Geol. Surv., Geologic Atlas, 
folio 162 (1909) p. 5. 
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ryville, Lancaster, and Hanover valleys, the writers have mapped the 
limestones and associated underlying quartzites as several separate forma- 
tions. In order to determine the position of the beds from which the fos- 
sils at Henderson came and their relation to the subdivisions of the lime- 
stone, the writers have made a reconnaissance of Chester Valley, from 
the western edge of the Norristown quadrangle, where their detailed map- 
ping ends, eastward to the Schuylkill River. Figure 6 is a preliminary 
geological map of this area, showing the formations recognized by the 
writers. The cephalopods and gastropods from Henderson, which are in 
the possession of the Philadelphia Academy of Natural Sciences and of 
Bryn Mawr College, have been studied by Ulrich and Foerste, who have 
identified the following species: 


Coiled cephalopod, closely similar to Tarchyceras seelyi (Whitfield) 
Several orthoconic cephalopods, resembling upper Canadian species. 
Euconia aff. etna (Billings) 

Hormotoma cf. gracilens Whitfield 

An Ophileta-like gastropod 

Maclurites aff. oceanus Billings 

Maclurites cf. speciosus Billings 

Coelocaulis? sp. 


Ulrich and Foerste state that “all these fossils indicate upper Canadian 
age.” They state, also, that the beds are faunally equivalent to the Cot- 
ter dolomite of Arkansas. 

The fossils are found in silicified rock, with geodes filled with quartz 
crystals. Similar material occupies a zone, for 5 miles west of Hender- 
son, but no more fossils were found. The silicified zone appears to be at 
the base of a pure blue- and white-banded crystalline limestone, which 
the writers consider to be the lower part of the Conestoga. The forma- 
tion extends southwestward into the wider belt of Conestoga near Down- 
ingtown and Coatesville, where the lower part of the Conestoga contains 
similar beds of pure limestone and, in addition, limestone conglomerate. 
The beds in the upper part of the formation are thinner, with many argil- 
laceous partings and impurities that have been recrystallized as musco- 
vite. In the Norristown and the eastern part of the Phoenixville quad- 
rangles a band of phyllite separates the thin-bedded argillaceous upper 
beds from the thicker, purer, coarsely crystalline lower beds. 

On the basis of the fossils collected at Henderson, the Conestoga lime- 
stone in Chester Valley is, therefore, of Beekmantown age (upper Cana- 
dian, of Ulrich). In the Norristown area, the Conestoga overlies the 
Elbrook limestone and the Ledger dolomite, and southwestward, near 
Coatesville, it overlaps the older limestones down to the Antietam quartz- 
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ite and the Harpers phyllite.2° Its deposition was, therefore, preceded 
by an erosion interval. 

Chester Valley ’ lies south of the Mine Ridge anticline, which extends 
from New Providence eastward to Valley Forge. The Conestoga of the 
type locality, in the Lancaster, York, and Hanover valleys, lies north 
of the Mine Ridge axis, and its southwestern end is in strike with Fred- 
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Ficure 7—Relation of Conestoga and Frederick limestone 


Hanover, York, Lancaster, and Chester valleys in relation to the Frederick Valley. Wide-spaced 
pattern, Paleozoic limestone; closer-spaced pattern, Conestoga limestone. 


erick Valley, although separated from it by an area of Triassic rocks 
(Fig. 7). The Conestoga limestone of the type locality uncomformably 
overlies Lower Cambrian rocks ** and at many places contains limestone 
conglomerate and quartzose beds like those in the Grove limestone. With- 
out fossil evidence, it cannot be decided whether the Conestoga limestone 
of the area north of Mine Ridge is of Beekmantown age (upper Canadian, 
of Ulrich), as is that of Chester Valley, or whether it is in part older, 
and of Upper Cambrian and basal Ordovician age, like the limestones of 
Frederick Valley. If fossils are found to substantiate the latter view, 
the limestone in Chester Valley of Beekmantown age is not the equivalent 
of the Conestoga of the Lancaster Valley and should be given another 
name. 


%*F, Bascom and G. W. Stose: Geologic map of the Coatesville quadrangle, Pennsylvania, U. 8. 
Geol. Surv., Geologic Atlas, folio 223 (1932). 

37 George W. Stose and Anna I. Jonas: Ordovician overlap in the Piedmont Province of Pennsyl- 
vania and Maryland, Geol. Soc. Am., Bull., vol. 34 (1923) p. 508, fig. 1. 

% G. W. Stose and A. I. Jonas: Geology and mineral resources of the Lancaster quadrangle, Penn- 
sylvania, Pa. Top. Geol. Survey, Atlas no. 168 (1930) p, 44-47, pls. X, XI-A. 
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SUMMARY 


The limestones of the Frederick Valley are divisible into two forma- 
tions, the Frederick, of Upper Cambrian age, and the Grove, of Lower 
Ordovician (Chepultepec) age. The general structure of the valley is 
synclinal. The Grove limestone occupies a broad central syncline and 
several narrower synclines; the Frederick limestone rests, with overlap 
relations, on the Antietam quartzite, of Lower Cambrian age. 

The Conestoga limestone of the Lancaster Valley is not known to be 
the faunal equivalent of the Frederick limestone and, therefore, cannot 
at present, be correlated with it. Its eastern extension in the Chester 
Valley is of Beekmantown age. 
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SUDBURY SERIES 


BY W. H. COLLINS 
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INTRODUCTION 


The Sudbury series is one of the numerous sedimentary deposits found 
in the pre-Huronian (Archean) division of the pre-Cambrian rocks in 
the Canadian portion of the Canadian Shield. Other well-known ex- 
amples are the Doré series, the Couchiching, and the Timiskaming. These 
ancient sediments furnish evidence upon which geologists hope that some 
day it will be possible to subdivide the pre-Huronian complex into strati- 
graphic components, as has been done for the upper, Algonkian, division 
of the pre-Cambrian. Indeed, some ambitious attempts to do so have 
already been made, but it will probably be found, as knowledge grows, 
that these attempts have been premature and erroneous. The strati- 
graphy and the relation of these Archean sediments to the volcanic rocks 
above and below needs to be better known before they can be reliably 
correlated. 

Almost every field season since 1925, the writer has had opportunity 
to study and map the Sudbury series, but has published nothing except 
one short article in the Summary Report of the Geological Survey of 
Canada for 1928. In this paper, the writer combines his information 
with what has been published by other geologists, with the object of pro- 
viding a description of the Sudbury series that may be useful in com- 
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paring the Sudbury series with other pre-Huronian (Archean) sedimen- 
tary deposits. Some brief opinions on this broader subject of correlation 
are also essayed, but only to show how unsound any present attempt 
would be to use these sediments for any widespread stratigraphic sub- 
division of the Archean. 


HISTORY OF EXPLORATION 


The Sudbury series was discovered, named, and first described by Cole- 
man (1913, 1914) in the course of his classical study of the Sudbury 
nickel-copper mineral area. The main belt of the series crosses the area 
he mapped, just south of the nickel basin and parallel to the major axis 
of the basin. Coleman used the term Sudbury series to comprise three 
formations, which he named, in ascending stratigraphic order, the Cop- 
per Cliff arkose, the McKim greywacke, and the Wahnapitae* quartzite. 
The Copper Cliff arkose, to which he assigned a thickness of about 2000 
feet, is composed of a massive, dull pink rock, mostly without bedding 
planes of any sort and much like a medium-grained granite poor in ferro- 
magnesian minerals. It consists of feldspar and quartz and, in places, a 
few shreds of amphibole. Inconspicuous bedding shows in the uppermost 
100-200 feet of the formation, near the McKim greywacke, the passage 
into which is gradational. Barlow (1901) called this peculiar formation 
a “recomposed granite,” but he and Coleman were inclined to regard it 
as sedimentary. The McKim greywacke, estimated by Coleman to be 
about 7000 feet thick, is the main formation in the series. Within the 
Sudbury area mapped by Coleman, it is a uniform dark gray-green rock, 
composed of thin regular layers much like the varves of glacial lake de- 
posits. Metacrysts of staurolite, of all sizes up to two or three inches in 
length, are present in varying amounts. The Wahnapitae quartzite, 
which Coleman placed conformably above the McKim greywacke, is a 
white feldspathic quartzite, many thousands of feet thick. All three for- 
mations are tilted at high angles, forming a monoclinal succession with 
the top to the southeast. Coleman assigned the series to the Archean, on 
the grounds that it is intruded by the Laurentian (pre-Huronian) granite- 
gneiss and that its topmost formation, the Wahnapitae quartzite, is over- 
lain with conspicuous unconformity by a boulder conglomerate, which 
he was inclined to regard as equivalent to the boulder conglomerate at 
Cobalt and which he therefore placed in the Lower Huronian. He named 
this conglomerate the Ramsay Lake conglomerate, after the lake near 
Sudbury where it was discovered. 

In 1914, the Geological Survey of Canada assigned the writer to re- 
study and map the Huronian formations along the north shore of Lake 


1 Now spelled Wanapitei by ruling of the Geographic Board of Canada. 


- 
3 


HISTORY OF EXPLORATION 1677 


Huron, rendered classical as the “Original Huronian” area by the pioneer 
work of Logan and Murray, between 1845 and 1858. One result of the 
writer’s work, which continued until 1917, was to map the main belt of 
the Sudbury series, which was found to be a strip, 105 miles long and half 
a mile to 8 miles wide, extending in a direction north 60 degrees east from 
Algoma Mills, on the shore of Lake Huron, almost to Lake Wanapitei. 
It is represented on Map 155A (Lake Huron sheet) of the Geological Sur- 
vey of Canada. As regards the position of the Sudbury series in the pre- 
Cambrian geological column, however, this three-year investigation 
served only to create doubt. The only granites in observable contact with 
the Sudbury series were found to be also intrusive in the Huronian (Bruce 
and Cobalt series); pre-Huronian (Laurentian of Coleman) granite- 
gneiss does not come in contact with it. Hence, such criteria cannot be 
used as evidence of a pre-Huronian age for the Sudbury series. A con- 
glomerate that lies at the base of the Bruce (Lower Huronian) series was 
traced into continuity with the Ramsay Lake conglomerate. This con- 
glomerate extends, with only short gaps due to drift-cover, lakes, or faults, 
all the way from Thessalon eastward to Sudbury. It is, in part at least, 
an ancient regolith. It lies in profound unconformity upon the Keewatin 
green schists and the granite-gneiss of the pre-Huronian (Laurentian of 
Coleman), consisting from place to place of the decomposition products 
of whichever of these two groups of rocks lies immediately beneath. This 
conglomerate grades conformably upward into the next formation of the 
Bruce series, the Mississagi quartzite, a thick feldspathic quartzite. East- 
ward toward Sudbury, where the belt of Sudbury series is reached, this 
basal conglomerate consistently maintains a position between the Sud- 
bury series (McKim greywacke) on one side and the Mississagi quartzite 
and succeeding formations of the Bruce series on the other, continuous 
into the Ramsay Lake conglomerate at Sudbury. Manifestly, therefore, 
the Ramsay Lake conglomerate is at the base of the Lower Huronian 
(Bruce) series, and the Wahnapitae quartzite is the Mississagi quartzite 
of the Bruce series, instead of belonging to the Sudbury series. 

The relationship of the basal conglomerate of the Bruce series (Ramsay 
Lake conglomerate) to the McKim greywacke, wherever examined dur- 
ing the 1914-1917 field work, appeared to be one of conformity and un- 
interrupted deposition. The McKim greywacke grades, within 25 feet, 
into the conglomerate, which is unstratified, but the Mississagi quartzite, 
next it, appeared to have the same strike and dip as the McKim grey- 
wacke. These facts suggested that the Sudbury series might be a Huron- 
ian series below the Bruce series, separated from the pre-Huronian 
(Archean) by the great unconformity that elsewhere lies between the 
Bruce series and the pre-Huronian. On the other hand, the continuation 


4 
i 
d 
= 
| 
| 
| 
il 
| 
| 
| 
| 


1678 W. H. COLLINS—SUDBURY SERIES 


of the Ramsay Lake conglomerate throughout the North Shore region, in 
some places over the Keewatin, in others over the granite gneiss, would 
seem to indicate that the Sudbury series is another part of the pre-Huron- 
ian basement, upon which this conglomerate rests. Under this hypothesis, 
the apparently gradational passage from McKim greywacke up into 
Ramsay Lake conglomerate could be accounted for as due to the regolithic 
nature of the conglomerate, even the passage from granite-gneiss or 
Keewatin schists into the conglomerate being gradational. 

At the end of 1917, the writer was uncertain whether the Sudbury series 
was a Huronian series of limited geographic extent beneath the Bruce 
series or a pre-Huronian series on the far side of the great unconformity 
that everywhere separates Huronian and pre-Huronian.? In 1925, further 
opportunity to study this question was afforded, and, from then until 
1935, some part of most field seasons was spent in examining the Sudbury 
series. The contact of the Sudbury series with the Keewatin volcanic 
schists beneath was carefully examined. Wherever the Copper Cliff 
arkose does not intervene, the Keewatin volcanics were found to pass 
upward into the McKim greywacke, by alternation of lavas and sedi- 
ments. The intercalations of sediments, which are at first few and far 
apart, become steadily more abundant upward until they are continuous 
and form the McKim greywacke. Thus, between the Keewatin and the 
Sudbury series is a zone of transition, without definite boundaries, the 
thickness of which is approximately 500 to 1500 feet. It is far too com- 
plicated to be divisible into its many volcanic and sedimentary members 
on ordinary map scales, but the geologists of the International Nickel 
Company of Canada have subdivided it on a scale of one inch to fifty 
feet in the neighborhood of the Frood mine, which lies in this zone. No 
sign of an erosional or structural unconformity has been found. Evi- 
dently, this passage represents a time when Keewatin vulcanism gradually 
waned, finally ceased, and then, just as gradually, was replaced by sedi- 
mentary processes that produced the Sudbury series. Deposition was 
essentially continuous, no great interval of time between the Keewatin 
and the Sudbury periods being indicated. 

The relationship of the McKim greywacke to the Keewatin indicates 
that the Sudbury series is part of the pre-Huronian and definitely not 
Huronian. It is nowhere in direct contact with the pre-Huronian granite 
gneiss (Laurentian of Coleman), but, as it lies just above the Keewatin, 
and the Keewatin is intruded by the granite gneiss, the pre-Huronian 
order of succession is presumably Keewatin, Sudbury series, Laurentian. 
In support of the conclusion that the Sudbury series is pre-Huronian, a 
few places were found where the Ramsay Lake conglomerate is discordant 


2W. H. Collins: North Shore of Lake Huron, Geol. Surv. Canada, Mem. 143 (1925) p. 26. 
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with the McKim greywacke, and a major unconformity is indicated. At 
one of these places, in lot 6, concession 5, of Baldwin Township, the con- 
glomerate overlies Keewatin and McKim greywacke near enough together 
to indicate unconformable overlap. At another place, on the north side 
of the Spanish River, in the same township, the conglomerate truncates 
small crumples in the greywacke. The first of these two features is rep- 
resented in detail in the Espanola sheet, a one-mile geological sheet in 
course of publication by the Geological Survey of Canada. This sheet 
and an adjoining one, the Copper Cliff sheet, will also show, in much 
greater detail than would be possible in illustrations of this paper, the 
relations of the McKim greywacke to the various other pre-Cambrian 
formations in that part of the Sudbury series extending from Sudbury to 
Webbwood.® 

A further change in the Sudbury series as first defined by Coleman was 
proposed in 1929 and 1934 by Burrows and Rickaby, of the Ontario De- 
partment of Mines, who spent part of the time between 1928 and 1934 in 
revising the geological map of Sudbury nickel basin and vicinity. They 
found distinctly rhyolitic materials in several places within the Copper 
Cliff arkose, and concluded that the Copper Cliff is largely a volcanic 
formation. The writer’s observations show that the Copper Cliff arkose 
is stratigraphically between the Keewatin (below) and the McKim grey- 
wacke (above). Between it and the Keewatin, there is generally a strip 
of the complicated alternation of volcanics and sediments that constitute 
a zone of transition from the Keewatin to the Sudbury series. On the 
other side, the arkose becomes indistinctly clastic and stratified and 
grades across 200-300 feet into the McKim greywacke. It seems plain, 
therefore, that the arkose occupies a position at the very top of the Kee- 
watin and, as it is dominantly or wholly composed of volcanic materials, 
is more appropriately assigned to the Keewatin volcanic complex than 
to the Sudbury series, which without the arkose is entirely sedimentary. 
According to this view, therefore, the Copper Cliff arkose, a strip about 
15 miles long, with an extreme width of 3500 feet, represents a local vol- 
canic episode near the close of Keewatin time. 


GEOLOGICAL COLUMN 


The succession in the Sudbury area is summarized in the following 
column, in order to indicate clearly the position of the Sudbury series: 


QUATERNARY 
Pleistocene 


Glacial and post-Glacial unconsolidated deposits 
Great erosional, but slight structural, unconformity. 


3 Map 155A (Lake Huron sheet), Geol. Surv. Canada. 


4 
3 
i 
= 
f 
5 
| 
3 
| 
| 
H 
i 
| 
i 
U 


1680 W. H. COLLINS—SUDBURY SERIES 


Ordovician 
Lowville and Black River limestone 


Cambrian 


Lake Superior sandstone and basal conglomerate 
Great erosional, and at least some structural, unconformity. 


Late PRE-CAMBRIAN 


Keweenawan 
Olivine diabase dikes 
“Trap” dikes 
Granite (Murray stock and dikes in nickel irruptive) 
Nickel irruptive 
Conglomerate, sandstone, and lava flows 
Nature of interval unknown. 


Whitewater series 


Chelmsford sandstone 
Onwatin slate 
Onaping tuffs and agglomerate 
Probably a great unconformity representing mountain-building and 
peneplanation. 


Granite batholithic intrusives (?) (Killarnean ?) 
Diabase and gabbro sills and dikes 


Cobalt series 


Upper white quartzite 
Banded cherty and calcareous quartzite 
Lorrain quartzite and red jasper conglomerate 
Gowganda formation, boulder conglomerate, greywacke, varved argillite, 
impure quartzite and other glacial or frigid-climate deposits 
Erosional and structural unconformity. 


Bruce series 


Serpent quartzite 

Espanola dolomitic limestone, siliceous silt, and quartzite, and some iron 
ores 

Bruce boulder conglomerate 

Mississagi feldspathic quartzite, argillite, and some conglomerate. 

Ramsay Lake boulder conglomerate and regolithic arkose or argillitic mate- 
rials 

Great unconformity, representing mountain-building and pene- 
planation. 


Pre-HvrRoNnIAN 


Granite batholithic intrusives (Laurentian, of Coleman; Algoman, of Miller 
and Knight) 
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Sudbury series 
McKim greywacke, well-stratified greywacke and argillite, quartzite, some 
conglomerate 
Gradational zone composed of alternating volcanics and sediments. 
Keewatin 


Complex group of lavas and pyroclastics, iron formation, and local sedi- 
mentary deposits. (Copper Cliff arkose included.) 


DISTRIBUTION 


From its eastern end for 30 miles the main belt of Sudbury series is part 
of a monocline that faces southeastward, with the underlying Keewatin 
volcanics adjacent on the northwest side and the Ramsay Lake conglom- 
erate and the Mississagi quartzite of the Bruce series on the southeast.‘ 
For the next 35 miles, it widens and takes a rather complex anticlinal 
form, with some Huronian (Bruce series) sediments on the north, as well 
as on the south, side.’ In this section, a great fault, known as the Murray 
fault, becomes the northern boundary of the belt and continues westward 
in this position. Just west of this second section, outlying dikes and 
lenses of the post-Huronian Cutler batholith are exposed, the Sudbury 
rocks become highly crystalline, and their structure complicated. At 
Cutler, the batholith severs the belt. West of this gap* a strip, 18 miles 
long and not over half a mile wide, probably is a continuation of the Sud- 
burian main belt, though it is so isolated by the Murray fault on its north 
side and Lake Huron on the south, and so much concealed by Pleistocene 
overburden, that its relations to the other formations are indeterminate.’ 

There are two other smaller areas south of the main belt that probably 
belong to the Sudbury series. One of these (PI. 2) lies southeast of Sud- 
bury and parallel to the main belt. It is the south limb of a syncline, of 
which the main belt is the north limb. The space between is occupied by 
the Ramsay Lake conglomerate and the Mississagi quartzite of the Bruce 
series. This second area of Sudbury series is cut on the southeast by a 
great area of gneisses and granite, so that it is only a small strip, 7 miles 
long and about 2 miles in greatest width. The lower part of the series and 
the underlying Keewatin are missing except at one place, south of Con- 
iston and west of the hydroelectric power plant on the Wanapitei River, 
where a small amount of strata resembles the Keewatin and the zone of 
transition from Keewatin to Sudbury series. 


* Map 156A (Lake Huron sheet), and Copper Cliff one-mile sheet, Geol. Surv. Canada. 
5 Map 155A (Lake Huron sheet), and Espanola one-mile sheet, Geol. Surv. Canada. 
© Map 155A (Lake Huron sheet), Geol. Surv. Canada. 
Also, W. H. Collins: op. cit., maps. 
7 Op. cit., p. 24-25. 
8 Map 155A (Lake Huron sheet), Geol. Surv. Canada. 
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The rocks in this second area are classified as Sudbury series, because 
(1) they are separated from the Mississagi quartzite by a band of con- 
glomerate thought to be Ramsay Lake conglomerate; (2) the rocks them- 
selves are considerably different from typical Mississagi quartzite; (3) 
if they were included in the Mississagi, that formation would be abnor- 
mally thick; (4) structurally, they lie below the Mississagi and the 
supposed Ramsay Lake conglomerate. On the other hand, these rocks 
resemble those in the main belt of Sudbury series even less than they re- 
semble the Mississagi, although they lie only 7 miles away from the main 
belt. They consist mainly of an impure greenish-white feldspathic quartz- 
ite, which at many places grades into lesser thicknesses of more argillitic 
material. If the band of conglomerate did not intervene between these 
rocks and the Mississagi, they would probably be regarded as a downward 
continuation of the Mississagi. 

The third area lies at the east end of Lake Panache,® forming the lower 
part of an anticline of Bruce series that pitches westward. Eight or ten 
miles to the east, it is cut off by the same great area of gneisses that ter- 
minates the second area of Sudbury series. This third area has not been 
mapped accurately, because, in 1916, when the mapping was done, no 
convincing proof of a boundary between these rocks and the adjacent 
Mississagi quartzite was found. At a few places, an interbedded con- 
glomerate was found, which is now suspected to correspond with the Ram- 
say Lake conglomerate, but the quartzites on either side were so much 
alike that it might be simply an intraformational part of the Mississagi 
and the whole assemblage, therefore, Mississagi. On the other hand, these 
questionable rocks—impure greenish quartzite, greywacke, and every 
intermediate gradation, all much metamorphosed—were unlike any Mis- 
sissagi rocks elsewhere in the North Shore region, and, if included in the 
Mississagi, would make that formation abnormally thick. The perplexity 
of that time is expressed on page 44 of Geological Survey of Canada 
Memoir 143, and also in the form of interrogation marks after the forma- 
tional symbol (B1?) on the Lake Panache map, which accompanies the 
memoir. Although the rocks now believed to belong to the Sudbury series 
could not then be defined, it is likely, from the pitching synclinal struc- 
ture in which they are exposed, that they form a rudely triangular area, 
made irregular by intrusions of gabbro and granite, and with its apex 
pointing westward. 

The rocks in this third area are much like those in the second, except 
that the impure argillitic types are more recrystallized by the intrusive 
post-Huronian granites. 


® Op. cit. 
Also, Panache one-mile sheet, no. 1971, Geol. Surv. Canada. 
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LITHOLOGICAL DESCRIPTION 


The Sudbury series, as now restricted by excluding from it the Copper 
Cliff arkose and the Wahnapitae quartzite, is composed of argillite or 
greywacke, quartzite, gradations between greywacke and quartzite, and 
(rare) conglomerate beds. These constituents vary greatly in proportion 
from place to place, and in degree of metamorphism. They are all strati- 
fied, and they are exposed in no uniform stratigraphic order but quite 
differently from place to place. 

The most characteristic rock, which led Coleman to apply the name 
McKim greywacke to the whole assemblage, is a finely stratified dark 
gray-green argillite. It constitutes the great bulk of the main belt, from 
its eastern end to about Nairn,’® where it begins to alternate with occa- 
sional thickish beds of pale gray quartzite. Excellent exposures are on 
the outskirts of Sudbury, where it consists of regular layers, from half 
an inch to 2, or even 3, inches thick, that notably resemble varved glacial 
lake clays. The larger part of each layer, presumably the lower part, is 
coarse enough for occasional quartz grains to be visible to the unaided eye, 
and originally was probably a sandy mud. The upper part is much finer 
grained and was presumably a purer mud, for metacrysts of staurolite 
have grown more abundantly in it than in the lower part. Small-scale 
current marks are common, and Coleman in 1913 and 1914 reported 
cross-bedding and ripple marks. When examined under the microscope, 
it is seen that the rock is almost entirely recrystallized, even in the fresh- 
est looking specimens, to an aggregate of quartz grains, secondary micas, 
epidote, and other more obscure minerals, with some much larger meta- 
crysts of staurolite, now decomposed to secondary mica and quartz. An 
estimate of the degree of recrystallization can be made from the abun- 
dance and size of these staurolite metacrysts, some of which are 6 inches 
in length and one to one and a half inches in thickness. A conspicuous 
outcrop of the greywacke sprinkled with these big pale-colored crystals 
is exposed on the side of the road from the Frood mine to Copper Cliff, 
not far west of the mine. Near Webbwood, 40 miles southwest of Sud- 
bury, the greywacke shows a much greater degree of alteration. There, 
in various localities, it is a silvery micaceous schist containing rounded 
knots of staurolite wrapped around by the micaceous groundmass. Near 
Espanola, metacrysts of six-sided books of greenish mica were found. The 
Cutler granite mass, which intrudes and interrupts the Sudbury series 
from near Walford to Cutler,’ causes the extreme degree of recrystalliza- 
tion in the Sudbury series. What was probably once a somewhat siliceous 
greywacke in alternating layers of higher and lower silica content is now 


10 Map 155A (Lake Huron sheet), Geol. Surv. Canada. 
11 Ibid. 
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a biotite gneiss in which the original bedding, usually at a considerable 
angle to the secondary gneissic foliation, is represented only by the vary- 
ing proportions of biotite in the original layers, the more quartzitic layers 
producing less biotite than the greywacke layers. Alternating quartzitic 
and greywacke beds in a less advanced stage of recrystallization are 
exposed in Cutler village, where a series of small parallel quartz veins 
cross each successive quartzitic layer but taper to points at the interven- 
ing greywacke layers and do not cross the latter. The brittle quartzitic 
layers fractured; the plastic greywacke flowed (Pl. 1). 

In the vicinity of Nairn, the common rock type just described grades 
into a purer argillite, which seems to represent much more thorough 
weathering of its original clayey material. There are good exposures on 
the Algoma Eastern Railway, near the Nairn hydroelectric power station. 
The rock is slate-colored to nearly black, is finely stratified but not 
varved, and, in accord with its argillitic composition, has a much better 
slaty cleavage than has the sandy type found at Sudbury. 

Alternations of quartzite with the greywacke begin near Nairn, and, 
from there westward, quartzite becomes more and more abundant. In 
places, as at Cutler, there is a regular alternation of thin beds of the two 
materials, not strikingly different in color. At other places, as at Nairn 
station on the Algoma Eastern Railway, conspicuously white or pale-gray 
quartzite forms members, 5 to 40 feet thick, in a more predominant dark 
gray-green greywacke. This quartzite is fine grained and feldspathic, 
and no original clastic texture can be seen in thin section. The quartzite 
is less susceptible than the greywacke to recrystallization by deforma- 
tion or intrusions of granite. Just north of Espanola station on the 
Canadian Pacific Railway, however, secondary cleavage is developed that 
causes the quartzite to split into plates as thin as half an inch, greatly 
obscuring the original bedding, which can be recognized only on weathered 
surfaces, where the thin argillitic partings between quartzite layers show 
as crumpled grooves. The cleavage plates of this quartzite are coated 
with silvery mica, which glistens in the sun. A mile farther north, between 
lots 6 and 7, concession 2, Baldwin Township, there is a more extreme 
example of metamorphism, in an extraordinarily contorted gneiss-like 
rock composed of layers of white quartzite alternating with layers of 
quartz and hornblende that were probably once clayey partings. 

Quartzite is much less abundant than greywacke in the main belt of 
the Sudbury series. Except possibly in the narrow western tail of the belt, 
beyond the Cutler batholith,? the identity of which as Sudbury series is 
uncertain, there are no thick, continuous quartzite members. Instead, the 
quartzite is exposed as individual beds alternating with greywacke or 
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argillite, or, at most, it forms local deposits, less than 40 feet thick, in the 
prevalent greywacke. South of this main belt, however, quartzite is far 
more abundant, if the two smaller areas mentioned under the heading, 
distribution, have been correctly classified as parts of the Sudbury series. 
Both these areas are composed mainly of impure greenish-white quartzite, 
which forms a thick and continuous formation. Interstratified with this 
dominant quartzite are many gradations toward greywacke or argillite. 
These are thinner-bedded than the quartzite, and are much darker. They 
are not highly metamorphosed in the second area, but in the third (at the 
east end of Panache Lake), where post-Huronian granite intrusions are 
plentiful, they are commonly changed to staurolite or garnet schist with 
much silvery mica in the matrix. 

Conglomerates are rare in the Sudbury series. A bed, about 4 feet 
thick, was seen just southwest of the Frood mine, in the zone of transition 
between the Keewatin and the Sudbury series. It is one member of that 
zone and evidently represents one of the early beginnings of Sudburian 
sedimentation. The rock materials represented in its pebbles comprise half 
a dozen, or more, igneous rocks such as are found in the Keewatin, some 
granitic types, and a few that may be quartzite. Old as the Sudbury 
series is, these pebbles indicate a diversity of still older formations and 
events. The pebbles are seldom more than 2 inches in diameter, well 
rounded, and abundant, in a gritty cement. Coleman also found con- 
glomerate a few miles farther east, near the Stobie mine, in about the 
same position near the base of the Sudbury series. “Near Stobie there 
are interesting phases of the greywacke passing into coarse conglomerate 
in a narrow discontinuous band not far from the base of the formation. 
The pebbles include granite, quartzite, greenstone and green schist.” 

Another thin bed of pebble conglomerate similar to those already men- 
tioned was seen in the dark slaty phase of the McKim greywacke, about 
2 miles west of Nairn, in a long cliff just south of the Algoma Eastern 
Railway. This bed is well up in the McKim. 

On the south side of Smith Lake, 2 miles north of Spanish station on 
the Canadian Pacific Railway, a 30-foot band of boulder conglomerate 
consists of round to angular boulders of granite and a few of greenstone, 
from 4 to 48 inches long, distributed rather sparingly through a cement 
of dark gray greywacke. This conglomerate is succeeded northward by 
15 feet of quartzite and 100 feet or more of slaty greywacke, then by 
down-faulted Huronian.** 

No conglomerates were seen in the two smaller areas of Sudbury series 
south of the main belt. 


183A, P. Coleman: The pre-Cambrian rocks north of Lake Huron, Ontario Bur. Mines, 23d Ann. 
Rept., vol. 23, pt. 2 (1914) p. 213. 


14 W. H. Collins: North shore of Lake Huron, Geol. Surv. Canada, Mem. 143 (1925) p. 24. 
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There appear to be no volcanic rocks interstratified with the Sudbury 
series and contemporaneous with it, nor are there any above it. The 
Sudbury series is definitely above the Keewatin schist complex and 
younger than it. 

CONDITIONS OF DEPOSITION 


Deposition of the Sudbury series followed close upon the waning Kee- 
watin vulcanism. Probably, therefore, it began in a land area of consider- 
able topographic relief, composed of volcanic rocks of many kinds, which 
were susceptible to weathering, many of them already fragmented to 
facilitate disintegration and re-assortment into clastic sediments. This 
inference is supported by the evidence presented by the Sudbury series 
itself, for it is composed exclusively of clastic materials—conglomerate, 
quartzite, greywacke, and argillite. Especially in the main belt, these 
materials are varied. 

Transportation of these sedimentary materials seems to have been a 
slow process, although deposition probably was rapid. Conglomerates 
are rare, apparently quite local in horizontal extent, and do not contain 
large boulders, except in the deposit north of Spanish. The other sedi- 
ments in the main belt are notably fine grained. All are regularly strati- 
fied, which would indicate water to have been the final transportation 
agent. That this agent acted in a shifting manner, like that of streams 
rather than of a large standing body, is suggested by the frequent alter- 
nations of the sedimentary materials and their varied coarseness of grain. 
At one extreme are the conglomerates that required fairly vigorous stream 
or wave action and, at the other extreme, argillite that could only have 
been so delicately stratified in still water. Seasonal fluctuations are indi- 
cated by the varve-like stratification of much of the greywacke. The 
varve structure may even imply that the water was fresh, for salt water 
is believed to flocculate fine mud and prevent long suspension of it. If 
the varves are seasonal deposits, they must have accumulated quickly, for 
they are each from half an inch to 2 or 3 inches thick. Ripple marks and 
current marks on them are evidence of shallow, flowing water. Indeed, 
it is doubtful whether the combination of a regular varve-like stratifica- 
tion, ripple marks, and current marks could have been produced anywhere 
but in a body of fresh water fed by streams or on the floodplain of 
a stream. 

Coleman’s estimate of 7000 feet for the thickness of the Sudbury series 
in the main belt is probably as nearly correct as the complicated folding 
of the series will permit. It is rather surprising that such a thick deposit 
has not a greater horizontal extent, or that equivalent sedimentary forma- 
tions are not found infolded at the top of the Keewatin in other parts of 
the region. This may be due to the severe folding and tremendous amount 
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of erosion that the pre-Huronian has undergone. It may also mean that 
the Sudbury series was deposited over a limited area, a condition which 
would be most likely on land of considerable topographic relief. 

It is more difficult to visualize the conditions under which the thick 
impure quartzites and intermingled argillitic materials in the two smaller 
areas of Sudbury series were deposited. They are stratified rocks, prob- 
ably water-lain, but under obviously different and more uniform condi- 
tions than the rocks of the main belt, although they are situated only 
a few miles away from the latter. This would seem to mean either that 
they are not really correlative with the rocks of the main belt, or that 
they were laid down in a basin separated from that of the main belt 
by a narrow, high topographic barrier. 

CORRELATION 


All the large deposits of pre-Huronian sediments that have been found 
in northeastern Ontario are represented on Geological Survey of Canada 
Map 155A. They comprise the Doré series near Michipicoten Bay on 
Lake Superior; the Sudbury series; the Ridout series (Emmons and 
Thomson, 1929), 100 miles northwest of Sudbury; the Timiskaming series 
near Porcupine and Kirkland Lake gold-mining camps; the Batchewana 
series, 60 miles north of Sault Ste. Marie (Moore, 1926) ; the Kiask series, 
40 miles south of Porcupine gold-mining camp (Cooke, 1919) ; and several 
other areas to which distinctive names have not been given. In addition, 
many—possibly hundreds—smaller deposits are too small to be shown 
on a map of this scale. All these deposits, large and small, are closely 
associated with the Keewatin volcanic complex and infolded with it so 
that they crop out in narrow strips. They lie far apart. All are com- 
posed of clastic materials—conglomerate, impure quartzite, and darker, 
finer-grained varieties that are loosely termed greywacke. 

The small deposits undoubtedly represent local interludes of sedimenta- 
tion, which recurred many times during lulls of volcanic activity through- 
out the long period of the Keewatin. They range in thickness from a yard 
to several hundred feet and appear to have been correspondingly restricted 
in horizontal dimensions, for the narrow strip in which they now crop out 
cannot be traced far. Every gradation can be found, from well-stratified 
and well-assorted sediments to tuffs and voleanic ash, and microscopic 
examination usually reveals that even the most sedimentary types are 
composed of slightly weathered, angular pyroclastic materials. Con- 
glomerate is absent or not abundant, and the pebbles in it are composed 
entirely of Keewatin rock types. Granite pebbles are conspicuously 
absent. All these features imply that the small sedimentary deposits 
throughout the Keewatin are no more than local, freshwater assortments 
of voleanic debris in a land area of active vulcanism and, correspondingly, 
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considerable topographic relief. They do not represent any common hori- 
zon, or horizons, of widespread sedimentation. 

Most formations of the large sedimentary series differ from the small 
ones in one important respect: they contain conglomerates that are not 
composed solely of Keewatin rock types but in which pebbles and boulders 
of granite are abundant. This is true of all the series already enumerated 
by their distinctive names, except the Sudbury. Granite inclusions imply 
a source in a granite area, deep and widespread antecedent erosion neces- 
sary to exhume such a body of plutonic rock, and probably, also, severe 
deformation, for granitic intrusion accompanies mountain-building. An 
unconformity of major size and widespread horizontal extent is implied, 
or suggested, either just beneath the conglomerate-bearing sedimentary 
series or farther down. This has led to the supposition that the several 
sedimentary series bearing granite inclusions are of the same age, or nearly 
so, and that the plane at their base divides the pre-Huronian succession 
into two great parts. 

Miller, who discovered and named the Timiskaming series, was the first 
to express this opinion, and he and his associates have applied the general 
term, Timiskamian, to that portion of pre-Huronian time and pre-Huron- 
ian formations that lies between the great pre-Huronian-Huronian un- 
conformity and another great unconformity of the same kind, lower down, 
that is inferred to exist from the presence of granite inclusions in the 
Timiskaming and other series. 

Although the several series of sediments already mentioned probably 
lie within the limits theoretically ascribed to the Timiskamian, it is 
unlikely that they are exactly, or even nearly, contemporaneous, judging 
from their respective stratigraphic positions in the Keewatin. According 
to Miller (1913), the exact relation of the Timiskaming series to the 
Keewatin is not known, but these sediments are assumed to be uncon- 
formably above the volcanics. However, Burrows (1924) found that the 
edges of a close syncline of Timiskaming series at Porcupine make an 
angle of as much as 40 degrees with the adjacent Keewatin lava flows, 
which would indicate a large angular unconformity. Similar relationship, 
amounting to 20 degrees in the Rouyn area of Quebec, is recorded by 
Cooke (1926). Cooke (1919) states that the Kiask series is unconform- 
ably above the Keewatin, which must mean that it is not only above, but 
with an erosional, and possibly also structural, interval. As already 
explained, the Sudbury series is above the Keewatin, without an inter- 
vening erosional or structural unconformity. According to Emmons and 
Thomson, the Ridout series crops out in a steep monocline, with volcanics 
on each side. It lies, therefore, within the voleanic complex, hundreds, if 
not thousands, of feet below the top. The Doré series (Collins, Quirke, 
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and Thomson, 1926) also crops out in monoclinal bands nearly on edge. 
It grades, on the top, into volcanics, thousands of feet thick. On its lower 
side are other volcanics and granite gneiss, both of which are apparently 
older than the sediments. The contact of the Doré series with these under- 
lying volcanic schists and granite gneiss may actually be a bit of the 
major unconformity that Miller assumes to be the lower boundary of 
the Timiskamian. At least, the Doré series is thousands of feet down in 
the Keewatin, if not wholly below it. It is hardly possible that the sev- 
eral sedimentary series, situated at such different levels in the Keewatin 
volcanic complex, can be contemporaneous, representing one region-wide 
sedimentary horizon. More probably, they are, like the hundreds of 
smaller sedimentary deposits throughout the volcanic complex, the results 
of sedimentation at various times, in separate basins of limited horizontal 
extent. 
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INTRODUCTION 


It is plain, from the folding of their constituent sedimentary rocks, 
that high mountain ranges represent local concentrations of mass, which, 
in every case, must act as a load imposed upon the earth’s crust in the 
region of the uplift. This added load may be supported in one of two 
possible ways. If the crust be strong enough, it may support the load by 
virtue of rigidity; if it be not strong enough, the range must be supported 
by flotation of its relatively light superficial rocks in the heavier rocks 
below. If the rigidity of the crust were adequate to support the load 
without depression—i.e., if the concentration of mass were limited to up- 
ward protrusion—then the added mass of the range would affect measure- 
ments of the force of gravity, so that the excess mass could be easily 
detected and positively proved to exist. The force of gravity has been 
measured on many mountain ranges, and no excess mass comparable to 
that of the range has been found.t We are not at liberty, therefore, to 


1 Unfortunately, we have only one determination of force of gravity in the Sierra Nevada. 
With its vast interest in isostasy, the United States Coast and Geodetic Survey might have been 
expected to give a few determinations of gravity distributed over the length and breadth of the range. 
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entertain the idea that great mountain ranges are supported by the rigid- 
ity of the crust. The rejection of that idea compels us to adopt the 
alternative possibility of isostatic support. 

Isostasy as applied to great mountain ranges is theoretically simple. 
The upward protrusion of rock, in a zone of crustal deformation, to form 
a mountain range, is accompanied pari passu by a much larger downward 
protrusion into the heavier material of the subcrust. Support of the 
range is, then, just as simple a matter mechanically as that of an iceberg 
in the sea; with, of course, a great difference in the viscosities of the 
supporting media. To make way for such a downward protuberance, 
the rock of the sima must flow away into neighboring regions; and, 
in doing so, it will tend to flow toward regions that are being relieved of 
load by erosion. Thus, as a geosynclinal sea on the margin of a continent 
accommodates a thick deposit of sediments by subsidence, the subcrustal 
flow will be toward the continental area whence the sediments are derived. 
The denudation of the continental margin and the negative load thereby 
created are prime conditions of the subsidence of the geosyncline, no 
less than the positive load of sediments accumulating in it. The nega- 
tive load of the continental margin draws away some of the sima from 
beneath the geosyncline and so provides for subsidence. But the specific 
volume of the sediments deposited on the subsiding area is always greater 
than that of the sima withdrawn; so that, while they contribute by their 
positive load to the subsidence, they tend to fill the trough. For pro- 
tracted subsidence and deep fill, the substitution of dunite for basalt 
appears to be a necessary part of the mechanism. The effect of flowage 
in solid rocks under deforming stress is a familiar phenomenon to geolo- 
gists, and there can be no objection to the mechanism thus invoked to 
maintain balance when equilibrium is disturbed by shift of load or by 
crustal deformation. 

When, however, we come to particular cases, the attempt to analyze 
the operation of this mechanism and to evaluate the forces engaged be- 
comes a complicated matter. Detailed data are inadequate and modify- 
ing factors are elusive; so that the results of the analysis are, at best, 
tentative. But tentative as they are, these results have their value for 
geology, for the discussions that lead to them clarify and enlarge our 
notions of the kind of thing that happens in orogenesis. Without being 
either exact or precise, it is possible to unravel an interesting history. 
We lack precision in our knowledge of the densities of rocks as they lie 
in the earth in large masses; the thickness of the layers of diverse den- 
sity, which make up the stratiform crust, is inferential and inexact. The 
thermal gradient is inconstant and uncertain; the effect of high tempera- 
tures upon the density of several common types of rock has yet to be 
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measured. With these handicaps to sure deduction well in mind, it is 
proposed in this paper to consider the application of the principle of 
isostasy to the tectonics of the Sierra Nevada, in an effort to elucidate 
the evolution of the range. The purpose is not to prove anything or to 
contribute any new idea to geological science, but merely to illustrate 
the application of the principle of isostasy, in perhaps its most naive 
form, to the problem of uplift and depression of the earth’s crust, a prob- 
lem with which geologists have long been conversant, but which still 
awaits solution. 
POST-JURASSIC OROGENY 


The region occupied by the Sierra Nevada was, until late Jurassic 
time, a Mesozoic sea floor. The sea extended eastward across northern 
Nevada and Oregon to the 117th meridian, which is approximately the 
boundary between Oregon and Idaho. By way of southern Nevada and 
Arizona, it may have been continuous with the extensive Mesozoic sea 
of the Rocky Mountain region of the United States. The conditions of 
sedimentation in the California-Nevada portion of this sea are somewhat 
difficult to understand. Lithologically, the Jurassic rocks of the Sierra 
Nevada are prevailingly, laminated argillites, significant of deposition on 
a sea floor remote from high-grade streams, as might be supposed from 
the extent of the sea and the absence of evidence of landward transgres- 
sion. From the extent of the sea, also, and from the almost complete 
absence of basal conglomerates, it is fair to infer that the sea floor was 
a submerged continental surface of low relief, analogous to the shallow 
seas off the southeast coast of Asia today. There were probably volcanic 
islands in the western Mesozoic sea, but they have not yet been recog- 
nized as features of the paleogeography of the time. Whether the west- 
ern side of the sea was open to the Pacific, or was shut off from that 
ocean by a land mass that contributed sediment to the sea floor, is un- 
known. 

In the descriptive text of the folios of the Geologic Atlas of the United 
States, conglomerates are mentioned as occurring at several localities, 
interstratified with the argillites of the Mariposa formation. Some of 
these conglomerates are doubtless correctly named; but the one with 
which the writer is most familiar, at Colfax,? is certainly not a conglom- 
erate in the ordinary sense of the term. It has been described as a 
breccia, by Moody,’ who, however, left its genesis and significance an 
open question. Since the publication of Moody’s paper, the writer made 
an excavation at the base of the Mariposa formation at Colfax and 


2 Geological Atlas, Colfax Folio No. 66, p. 3. 
8 Clarence L. Moody: The breccias of the Mariposa formation in the vicinity of Colfax, California, 
Univ. Calif. Dept. Geol., Bull., vol. 10, no. 21 (1917) p. 383-420. 
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found the breccia resting on a smoothly polished, rounded, and fluted 
surface of radiolarian chert. The character of the breccia and of the 
surface upon which it rests, together constitute a proof of glaciation 
comparable to that on the Vaal River near Kimberly, or that at Hallett’s 
Cove near Adelaide, South Australia. So, if other conglomerates of the 
Mariposa formation are similar to those at Colfax—and some of them 
appear to be—then, their presence is not significant of high-grade streams 
discharging into the Mariposa sea. The evidence from the argillites, 
that torrential streams were far removed from the basin of deposition, 
remains unchallenged. 

The accumulation of thick deposits of marine sediments, interleaved 
with lavas and tillites, was interrupted by a mountain-making move- 
ment, which sharply folded the Jurassic and earlier formations. As a 
result of this concentration of rock mass in the zone of yielding to hori- 
zontal compression, the zone was uplifted as an incipient mountain range. 
In accordance with the principle of isostasy, the uplift was supported, 
and caused, by the flotation of a concomitant and much larger down- 
ward protrusion of the crushed zone into the heavy rock of the sima. 
When the uplift was well advanced, and widespread dynamic meta- 
morphism had been induced in the rocks of the zone by their deforma- 
tion,* a granitic magma of vast dimensions welled up from the depths 
and invaded the zone, partly by melting, partly by stopping, and partly 
by injection. On the periphery of the granite, thermal metamorphism 
was imposed upon the encasing rocks, in addition to the already existing 
dynamic metamorphism. The invasion of the granite, in some cases, 
still further deformed the rocks of the zone, thrusting them aside and 
causing their foliation to adapt itself to the contours and profiles of the 
intrusive masses; thus exhibiting still a fourth method of upward in- 
vasion.® 

The appearance of granite in the core of mountain ranges, intrusive 
into the rocks of the flanks, is a common phenomenon, which may prob- 
ably be explained by the depression of the crushed zone into regions of 
high temperature, where it melts. The resulting magma is, thus, a part 
of the excess mass that determines the existence of the range by flotation 
in the heavy sima. It is lighter than the unfused rocks of the crushed 
zone and so rises through them by stoping and by injection. It is, for 


*“The cleavage of the schists... existed before the granitic irruption’” [Waldemar Lindgren: 
Granitic rocks of California, Am. Jour. Sci., 4th ser., vol. 3 (1897) p. 304]. 
5H. W. Turner: Further contribution to the geology of the Sierra Nevada, U. S. Geol. Surv., 
17th Ann. Rept., pt. I (1896) p. 554; Description of the Bidwell Bar quadrangle, U. 8S. Geol. Surv., 
Geol. Atlas, Bidwell Bar folio, no. 43 (1898). 
H. W. Turner and F. L. Ransome: Description of Sonora quadrangle, U. S. Geol. Surv., Geol. 
Atlas, Sonora folio, no. 41 (1897). 
Waldemar Lindgren: Description of the Colfax quadrangle, U. S. Geol. Surv., Geol Atlas, Colfax 
folio, no 66 (1900). 


: 
: 
: 
‘4 
i 
; 


POST-JURASSIC OROGENY 1695 


the most part, confined to a chamber, which it makes for itself in the 
crushed zone, and the outer flanks of the range are part of its encasing 
shell. But, as fusion proceeds, the increase of volume creates an enor- 
mous pressure on the chamber walls, which tends to lift the roof or burst 
the chamber. This is probably the force that causes the migration of 
the magma into the surrounding country, to form satellitic bodies such 
as dikes, sills, and laccoliths. If the melt begins at the bottom of the 
crushed zone, the burden to be lifted by the expansive force would, at 
first, be the same in the column under the new mountain range and in 
that under the immediately adjoining region, for at that depth the col- 
umns balance. But as the melt rises in the crushed zone, particularly 
as it rises above the top of the sima, the zone of deformation, culminating 
in the new range, is much heavier, and the expansive force is expended 
in lifting the region of less resistance on the flanks of the range, in 
broadening the batholithic chamber, and in injecting magma into its 
walls. But we are not here concerned with the enlargement of the cham- 
ber nor with the escape of magma from it. The batholith exposed in the 
Sierra Nevada represents the freezing of a melt after enlargement of the 
chamber, and after escape of magma from it. For the same reason, we 
are not concerned with the effects of hydrostatic pressure of the melt, nor 
with the vapor tension developed in it, both of which forces were merely 
additive to much greater stress of expansion. 


THE SIERRA NEVADA BATHOLITH 


The Sierra Nevada has great individuality and geomorphic simplicity 
as a mountain range. It forms the western border of the Great Basin, 
presenting to the east a high, bold front; its western flank is a long, rela- 
tively gentle slope of less than 2 degrees, which passes down under the 
Upper Cretaceous, Tertiary, and Quaternary formations of the Great 
Valley of California. It is recognized by geologists as a tilted block of 
the earth’s crust, the largest and the finest of the Basin Ranges. Its 
eastern front is regarded as the expression of a somewhat degraded mul- 
tiple fault scarp; the intersection of this scarp with the tilted surface 
forms the crest of the range. This individuality and simplicity per- 
tains, however, only to the geomorphic form of the range. Its internal 
structure and the sequence of events that imposed that structure upon 
it are complicated. In its extent and configuration, the Sierra Nevada 
has only slight relation to the greater range that was called into being 
at the time of the mid-Mesozoic Revolution. The structure and meta- 
morphism of its original rocks, and the granite that invaded these, are, 
however, a direct inheritance from the vast antecedent range. The 
geographic limits of the Sierra Nevada as we know it today were deter- 
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mined by the tilting of an orogenic block in post-Tertiary time. The 
tilted block, although it is now the largest of the Basin Ranges, is only 
a small strip of the region embraced in the upheaval at the close of the 
Jurassic; and the mountains then formed had suffered deep denudation 
before the tilting was inaugurated. The granite, which is the dominating 
rock in the mass of the Sierra Nevada, extends in large, but isolated, ex- 
posures across the State of Nevada as far as the 117th meridian, which 
is also the eastern limit of the Jura-Trias basin of deposition. It is 
separated from the granite, of the same age, of central Idaho, by a mantle 
of Tertiary volcanics and continental deposits. Beneath that mantle, 
the granite of the Sierra Nevada and that of central Idaho may be in 
direct continuity. Westward, the granite is continuously exposed from 
the southern Sierra Nevada, around the south end of the Great Valley, 
into the Coast Ranges. How much of the granite of the Coast Ranges 
is to be identified with that of the Sierra Nevada is, however, an unsettled 
question. The width of the granite, assuming it to be continuous at 
shallow depths, is, thus, at least 230 miles, or three times the width of 
the Sierra Nevada. If it be continuous with that of central Idaho, then 
the width of the granite is doubled. In length, the batholith, of which 
the granite of the Sierra Nevada is a part, is either co-extensive with 
the west coast of North America, from southern Alaska to southern 
Mexico, or it is one of an elongated system of batholiths having that 
extent, and contemporaneous in origin. It will be apparent from the 
foregoing that, when the writer refers to the Sierra Nevada batholith, he 
does aot think of it as co-extensive with the Sierra Nevada Range, but as 
a much larger mass, out of which the range has been segregated as a 
fault block. 

It is of interest to determine, if possible in the Sierra Nevada, the 
position of the top of the magma chamber at the time when the melt 
began to freeze. The plutonic rock resulting from its consolidation now 
occupies Mount Whitney and many other high peaks of the range. But 
the crest of the latter, as will appear in the sequel, has been raised to its 
present altitude by isostatic uplift. We do not know with certainty how 
much granite was removed from the top of the range after the roof of the 
batholith had been worn away; but there is ground for the belief that 
the present summit of the range is approximately the top of the batholith. 
Reid, discussing this question, says: 

“The irruptive contact ... though locally irregular, yet shows in its larger form 
nearly a plain, with occasional blocks sunk into the granodiorite. At present most 
of the fragments of the old roof of the batholith are more nearly horizontal than 
vertical, some quite so.... It is probable that the original contact surface lay 
nearly horizontal in this area, with, of course, sharp local modifications.” ° 


6 John A. Reid: The geomorphogeny of the Sierra Nevada northeast of Lake Tahoe, Univ. Calif. 
Dept. Geol., Bull., vol. 6 (1911) p. 97. 
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A flat-lying remnant of the roof of the batholith, resting on granite, 
occupies the upper part of Mount Dana, the summit of which has an 
altitude of 13,050 feet. In the Kern River region, the tables of the Sum- 
mit Upland, such as the top of Mount Whitney, Table Mountain, Sheep 
Mountain (Mount Langley), and Cirque Peak, are probably exhumed 
flat areas of the top of the batholith, a view which the writer * expressed 
in 1904, but to which Knopf ® took exception in 1918. The evidence cited 
by Knopf, against accepting these tables as representing the top of the 
batholith exhumed by erosion under structural control, consists chiefly 
in the existence of roof pendants in the same region, sunk deeply into the 
granite. It had not occurred to the writer that roof pendants excluded 
flat-topped areas of the batholith. It seemed, rather, that the pendants 
were peripheral enclosures of flat-topped domes of granite. The con- 
figuration of the upper surface of the Sierra Nevada batholith includes 
both the sharply \/-shaped troughs, which contain the pendants, and the 
flat or gently undulating areas, which, on their borders, plunge steeply 
to accommodate them. Flat surfaces of a coherent resistant rock exer- 
cise, in general, an extraordinary control on erosional degradation, and, 
therefore, it seems probable that the tables of the Summit Upland do, 
to say the least, strongly reflect flat areas of the top of the batholith. 
Knopf regards them as the higher parts of the same erosional surface as 
is represented by the Subsummit Plateau. There is no objection to the 
view that the tables of the Summit Upland were evolved as surface 
features in the same erosional cycle as was the Subsummit Plateau, but 
it does seem clear that the tables emerged in that cycle, under structural 
control. Nor is there objection to the view that the top of the batholith, 
if viewed devoid of cover, is characterized by sharp relief. But this 
relief does not exclude flat-topped domes and ridges. It still seems to be 
a fair hypothesis that the Summit Upland represents original flat areas 
on the surface of the Sierra Nevada batholith. The writer has never 
entertained, nor expressed, the view that the Summit Upland represented 
the whole of the surface of the batholith, and he has always been cogni- 
zant of the sharp relief of that surface. The Table Mountain at Oro- 
ville has exceedingly sharp relief, yet its top is as flat as a baseball field. 
Sharp relief and tables are not mutually exclusive. 

The slope of the top of the batholith, as here recognized and as modi- 
fied by erosion, is downward to the north from Mount Whitney. The 
summits of Mount Whitney, Mount Dana (granite surface), Pyramid 
Peak, and Buck Mountain are nearly on a straight line, 284 miles jong, 


7 Andrew C. Lawson: The geomorphogeny of the upper Kern basin, Univ. Calif. Dept. Geol., 
Bull., vol. 3, no. 15 (1904). 

8 Adolph Knopf: A geological i of the Inyo Range and the eastern slope of the 
southern Sierra Nevada, California, U. 8S. Geol. Surv., Prof. Pap. 110 (1918). 
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and lie on an even gradient of about 25 feet to the mile. With the de- 
cline of the top of the batholith to the north, along the crest of the range, 
beyond the canyon of the San Joaquin River, larger and larger remnants 
of the roof have been preserved. This northward down slope of the 
top of the batholith may possibly have been an original feature; but it 
is more probable that differential uplift has been a large factor in the 
tilt. If we take the line from Mount Whitney to Buck Mountain, N. 
34° W., as the axis of the range, a section at right angles to this axis, 
passing through Nevada City, shows about equal areal proportions of 
batholith and roof at the surface. The axial gradient of the surface on 
this section has an altitude of about 2 kilometers, and the difference be- 
tween this and the altitude of Mount Whitney is about 2.4 kilometers. 
The larger proportion of roof left is significant of a smaller erosional 
removal and, to some extent, of a smaller consequent rise of the batholith; 
though, of course it is impossible to evaluate the quantitative relations. 


THE GREAT VALLEY 


The west slope of the Sierra Nevada is fairly uniform away from the 
summit region. It is recognized by geologists generally, as a tilted por- 
tion of a flatter surface, which, under conditions of partial aggradation, 
endured throughout Tertiary time. The great canyons that dissect the 
slope are due to differential uplift. The upward tilt to the east appears 
to be associated with a down tilt, or sag, to the west, under the Great 
Valley. But the surface of the bedrock complex, as it passes beneath 
the present floor of the Valley, supports thick deposits of marine sedi- 
ments of Tertiary age, which, in turn, pass under a thick alluvial deposit. 
The depression of the surface of the bedrock complex to receive these 
sediments, therefore, long antedates the post-Tertiary uplift of the same 
surface to form the western slope of the Sierra Nevada. 

The Great Valley has the structural features of a geosynclinal trough 
bounded on either side by a fault zone, the trace of which is, for the most 
part, obscured by later contributions to the sediments of the valley fill. 
The thickness of the fill is very great, as determined from wells and from 
seismic and gravimetric soundings by oil companies operating in the 
southern part of the valley. A well of the Pure Oil Company, drilled at 
a point about 21 miles south of Merced, penetrated valley fill to a thick- 
ness of 8387 feet and entered quartz diorite at a depth of 8244 feet below 
sea level; and, 3 miles west of this well, seismic sounding showed a depth 
of 8850 feet for the surface of the bedrock complex, the dip of that sur- 
face being 3° SW. F. E. Vaughan, who has been conducting gravi- 
metric observations for the Shell Oil Company, has kindly placed at the 
disposal of the writer, important data as to the depth and configuration 
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of the surface of the bedrock complex under the valley. For this infor- 
mation, the writer desires to express his grateful appreciation to the 
Shell Oil Company and to Mr. Vaughan. According to these data: 


“At various points from Porterville southward, bore holes have traced the surface 
of the Basement westward until depths exceeding 1200 meters below sea level were 
reached. Seismometric surveys map this surface readily because of the fact that 
seismic waves are transmitted through the Basement rocks at a much higher velocity 
than through the overlying sediments. Moreover, several zones can be recognized 
in the sediments, the seismic velocities ranging from 1.7 to 3 km. per second. In 
the latitude of Hanford the Basement surface has been followed from the eastern 
margin of the valley to a point 6 km. west of the town, at which point it lies at a 
depth of 3 km. below sea level. The strike of this surface is approximately N. 
20° W. and the dip is 5° S.W. This general attitude obtains southeastward to the 
vicinity of McFarland.” 


Vaughan states, further, that the syncline thus indicated can be fol- 
lowed for more than 110 kilometers, approximately parallel to the Kettle- 
man Hills and Lost Hills anticlinal axis, and at a distance therefrom 
of 5.5 to 9 kilometers. He says: 


“On the basis of the observations west of Hanford and the evidence of continuity 
of depth to the southwest, I find that the depth of the Basement at a point on the 
axis of the major syncline immediately to the northeast of the Kettleman Hills 
is not less than 7 km., nor likely more than 8.5 km. These estimates apply along 
the syncline northwestward at least 30 miles beyond this point and southeastward 
to the region just north of the Elk Hills.” 


For the purposes of the present discussion, the mean thickness of the 
fill resting on the eroded surface of the batholith, on a line transverse 
to the axis of the range, through Mount Whitney, has been taken, in the 
light of the foregoing estimates, to be about 4 kilometers. 


ISOSTATIC RELATIONS 
GENERAL STATEMENT 


In attempting to analyze the isostatic relations of the Sierra Nevada, 
both now and in the past, we may begin with the mid-Mesozoic Revolu- 
tion. The essential features of that movement were, as already stated: 
first, an acute compressive deformation of a broad zone of the earth’s 
crust, resulting in a concentration of mass. The increased mass was ac- 
commodated by protrusion, both upward and downward, until the mass 
of sima displaced by the downward protrusion equalled the excess mass 
of the zone of deformation, so that the latter was supported by flotation. 
The depth to which crushing extended in the deformative process is un- 
certain. The controlling factor, in answer to this question, appears to 
be relative viscosity. If the crushing and mashing together of the rocks 
extended down to the bottom of the sial, and then passed into rock 
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flowage, the underlying basalt would flow away to accommodate the 
downward protrusion of the sial. The excess load due to horizontal com- 
pression would float, first, in the basalt, and later, in the full develop- 
ment of the orogenic process, the downward protuberance would pass 
through the basalt and be immersed in the dunite. If, however, the 
basalt participated in the crushing and mashing, as distinguished from 
flowage, then the column of the crushed zone would consist of both sial 
and basalt, and would have a larger mean density than if composed only 
of sial. It would be accommodated by flowage of the dunite, and would 
float in the latter. In this uncertainty as to the depth of crushing, two 
cases may be considered. In the first, the assumption is that the crushed 
zone, and the batholith developed from it by melting, extend down to 
the bottom of the sial. In the second, it is assumed that the crushed 
zone and the consequent batholith include both sial and basalt, extend- 
ing down to the bottom of the latter. Other possibilities, of course, pre- 
sent themselves, such as: the development of the batholith from the 
upper part of the sial only, or its inclusion of the whole of the sial and 
only part of the basalt. These, however, will not be considered here; 
for their examination would not modify in principle the results arrived 
at in the two cases selected for discussion. 


CASE I—BATHOLITH MELT LIMITED TO SIAL 


General description—Here, the column of crushed rock involved in 
the orogenic collapse of the crust, comprising both upward and down- 
ward protuberances, consists of sial having a mean specific gravity of 
2.72. The granodiorite and related rocks of the Sierra Nevada batholith 
are considered to be the result of melting and subsequent freezing of the 
crushed and thickened sial; they, also, have a mean specific gravity of 
2.72. 

In estimating the height of the column of granodiorite—i.e., the thick- 
ness of the batholith, which thus includes the excess load supported 
isostatically in the present Sierra Nevada—attention must first be given 
to the surface relief. In the secondary block lying between the eastern 
front of the range and the Kern River rift, the relief ranges through 
9,000 feet. The mean horizontal plane surface equivalent to this relief 
was found by constructing a series of parallel transverse profiles, deter- 
mining the mean heights of these, and taking the mean of the means. In 
making the profiles, the eastern limit was taken at contour 5,500 feet, 
which is the western border of the Alabama Hills, and the approximate 
trace of a bounding fault of the mountain front. The western limit of 
the profiles was taken at the Kern River. The altitude of the mean 
surface thus found is 3.08 kilometers. The batholith having this alti- 
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tude of mean surface must protrude down through the basalt into the 
dunite. Let x be the depth of immersion in the latter, then, equating 
with the Pacific column, 


2.72 (3.08 + 2”) = 5+ 414 X 3.05 + 3.32 
whence x = 5.71 km. 


Its thickness at present is, therefore, 3.08 + 46.4-+ 5.71 = 55.19 km. 
and its bottom is 55.19 — 3.08 = 52.11 km. below sea level. It is, of 
course, not intended to imply that this block, the surface of which has a 
mean altitude of 3.08 kilometers, attains balance independently of the 
rest of the range. The range as a whole maintains its balance by im- 
mersion in heavier rock below, and the block selected for discussion 
moves up or down, with shift of load, as a part of that whole. 


Two uplifted valley floors—As set forth by the writer in an earlier 
paper,’ and further discussed by Knopf,!° the summit region of the south- 
ern Sierra Nevada presents two geomorphic features that testify clearly 
to its uplift in two stages well separated in time. These are the old 
valley floors, now terraces, named the Subsummit Plateau and the 
Chagoopa Plateau. These broad valley floors could not have been 
evolved at their present altitude, but only when they stood, in turn, close 
to the base level of erosion. The general attitude of the Subsummit 
Plateau is about 11,500 feet above sea level, “with a hypsometric range 
in 20 miles of 2,000 feet,” 12 which may be in part due to the tilt of the 
uplift. The surface of the Chagoopa Plateau has today a southerly slope, 
ranging in altitude from 10,500 feet in its northern part to 8,500 feet in 
Toowa Valley, and 7,000 feet in Little Kern Plateau. This variation in 
altitude is doubtless, in part, an expression of original drainage slope, 
but is probably chiefly due, also, to tilt of later uplift. The mean alti- 
tude of the old valley floor, or floors, may be taken at 8,500 feet. The 
mean value for the hypsometric difference between this level and the Sub- 
summit Plateau is, thus, about 3,000 feet, an interval of 500 feet greater 
than that adopted in a paper on the Upper Kern,?? published in 1904. The 
Chagoopa Plateau is traversed by the canyon of the Kern, which has a 
depth of about 2,500 feet. In this canyon, the river is still vigorously 
corrading vertically. The uplift registered by this dissection is about 


7,500 feet. 


® Andrew C. Lawson: The geomorphogeny of the upper Kern basin, Univ. Calif. Dept. Geol., 
Bull., vol. 4 (1904). 

1° Adolph Knopf: A geologic reconnaissance of the Inyo Range and the eastern slope of the Southern 
Sierra Nevada, California, U. S. Geol. Surv., Prof. Pap. 110 (1918). 

Op. cit., p. 83. 

12 There was no contoured map of the region then in existence. 
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These two old valley floors represent two distinct cycles of erosion, 
which, for convenience in the following discussion, will be designated 
Cycle I and Cycle II. The uplift due to erosional levitation in Cycle I 
will be called Uplift I, and that due to the same cause in Cycle II will be 
called Uplift II. But these two uplifts together do not account for the 
present altitude of the Sierra Nevada range, and a third is recognized and 
called Uplift III. Uplift I is measured by the hypsometric difference be- 
tween the two valley floors, and amounts to 3,000 feet, or .91 kilometer. 
The sum of Uplifts II and III is the difference between the altitude of 
Chagoopa Plateau and that of the base level of erosion to which it was 
cut. 

At no time in either of these cycles was the region more than 300 kilo- 
meters from the ocean. We may, therefore, assume, without serious error, 
that the local base level of erosion had an altitude of .3 kilometer above 
sea level. It is the difference between this figure and the altitude of 
Chagoopa Plateau that gives 7,500 feet, or 2.29 kilometers, as the sum of 
Uplifts II and III. There is good reason for the belief that, in the region 
between the Kern River rift and the eastern front of the range, the batho- 
lith had been denuded of its roof, except for an occasional roof pendant, 
before the inauguration of Cycle II. In Cycle I, considerable remnants 
of the roof probably remained to be removed in the course of the cycle. 


Uplift I1I.—It is possible to estimate the quantity of rock removed 
from the region between the Subsummit Plateau and the Chagoopa Pla- 
teau in Cycle II, and this amounts to the equivalent of a layer, uniformly 
4 kilometer thick, over the entire region, after making due allowance 
for the erosional effect on the upland above the Subsummit Plateau in 
the same cycle. Another way of stating the erosional effect of the cycle 
is that the mean thickness of the batholith was reduced .4 kilometer. 
Now, for a batholith of specific gravity 2.72, floating in basalt of specific 
gravity 3.05, to loose a load, .4 kilometer thick, from its surface means 
that the net lowering of the surface was .04 kilometer, and that the rise 
of the column was .36 kilometer. Thus, of the total 2.29 kilometers up- 
lift of the Chagoopa Plateau, erosional levitation accounts for .36 kilo- 
meter, and the balance, 2.29 — .36 = 1.93 kilometers, was due to some 
other cause. Here, then, we may specify quantitatively the three uplifts 
recognized in the later history of the Sierra Nevada: Uplift I was .91 kilo- 
meter, measured directly as the hypsometric difference between the Sub- 
summit and the Chagoopa Plateau, and ascribed to erosional levitation 
in Cycle I. Uplift II was .36 kilometer, measured indirectly as the result 
of erosional levitation in Cycle II. Uplift III was 1.93 kilometers, a resi- 
due of uplift that cannot be ascribed to erosional levitation. 
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Variations in thickness and position of the batholithStarting with the 
present mear: surface of 3.08 kilometers, and using the figures just given 
for uplifts I, II, and III, it is possible to trace the fluctuations of the mean 
surface and the vertical movements of the batholith. At the end of Cycle 
II, and before Uplift III, the batholith, as a whole, and its mean erosional 
surface must have stood 1.93 kilometers lower than at present—that is, 
the mean surface had an altitude of 3.08 — 1.93 = 1.15 kilometers. For 
a column of specific gravity 2.72, floating in basalt to this height above 
sea level, the bottom is 40.5 kilometers below sea level. For, if x be this 
depth, by equating it with the Pacific Oceanic column,'* we have the fol- 
lowing relation: 

2.72(x +115) = 5+ 3.05(z — 5) 
whence x = 40.5 km. 


At this stage, the end of Cycle II before Uplift III, the batholith in this 
part of the range had a thickness of 40.5 + 1.15 = 41.65 kilometers. In 
Cycle II, a layer was removed by erosion having a mean thickness of about 
4 kilometer, whereby, to maintain isostatic balance, the mean surface of 
the batholith was lowered .04 kilometer, and the column as a whole was 
raised .36 kilometer. Therefore, at the end of Cycle I, the mean surface 
stood at 1.15 + .04 = 1.19 kilometers, the bottom of the batholith was at 
40.5 + .36 = 40.86 kilometers below sea level, and its thickness was 42.05 
kilometers. 

Due to erosional levitation in Cycle I, the batholith had been raised .91 
kilometer, its surface had been lowered .11 kilometer, and the mean thick- 
ness of the layer removed was 1.02 kilometers. This thickness of the 
layer removed by erosion in Cycle I (1.02 kilometers), in order to induce 
a rise of the batholith of .91 kilometer, is about twice as great as, accord- 
ing to a careful estimate, that of the layer removed below the original mean 
surface immediately under the roof. It is, therefore, necessary to recog- 
nize that the erosional removal in this cycle included considerable rem- 
nants of the roof. Of the layer removed in Cycle I, having a mean thick- 
ness of 1.02 kilometers, about half, or .52 kilometer, is considered to be 
rock of the batholith and the other half, .5 kilometer, roof rock. The net 
thickness of the batholith at the beginning of Cycle I was, thus, 42.05 + .52 
= 42.57 kilometers; its top stood at 1.19 + .11 — .5 = .8 kilometer above 
sea level, and its bottom at 40.86 + .91 = 41.77 kilometers below sea level. 

It will be understood, of course, that, prior to Cycle I, when the roof 
was much thicker, the surface of the batholith was depressed by its roof 
load, far below sea level. Thus, if the roof had been 10 kilometers thick 
when the batholith froze, we may take 2.67 as the specific gravity of the 


18 Andrew C. Lawson: Insular arcs, foredeeps, and geosynclinal seas of the Asiatic Coast, Geol. 
Soc. Am., Bull., vol. 43 (1932) p. 372. 
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upper 9.5 kilometers and 2.72 as that of the lower 0.5 kilometer, consider- 
ing the latter as a metamorphic aureole. Then, at this stage, if x be the 
depth of immersion of the batholith in dunite, we have: 


2.67 X 9.5 + 2.72(0.5 + 42.57) =5 + 414 X 3.05 + 3.32 
whence +x=3.4km. 


The bottom of the batholith was 46.4 + 3.4 = 49.8 kilometers below sea 
level, and its thickness was 42.57 kilometers. The mean surface of the 
roof stood at 42.57 + 10 — 49.8 = 2.77 kilometers above sea level, and 
the top of the batholith at 10 — 2.77 = 7.23 kilometers below sea level. 
Some such deep position as this, the depth being dependent upon the 
thickness of the roof, represents the original emplacement of the bath- 
olith, if we ignore volume changes due to cooling. 

It may here be observed that the erosional removal of the greater part 
of the roof might reasonably be included in Cycle I; but, for convenience 
in discussion, Cycle I is arbitrarily made to include only the erosion 
that, by levitation, induced the rise of the batholith 0.91 kilometer, as 
measured by the hypsometric difference between the Subsummit Plateau 
and the Chagoopa Plateau. It was the removal of the roof, until its 
mean thickness was only 0.5 kilometer, that brought the hypsometric 
locus of the uncut Subsummit Plateau up to the altitude coincident 
with that of the base level of erosion at the beginning of Cycle I. 

Thus, by a somewhat devious route, we have arrived at quantitative 
expressions for the thickness and position of the batholith under the 
summit region of the present Sierra Nevada, at several different stages 
of its history, and for its relation to the sima at those stages. These 
quantities are summarized in Table 1, in the first column of which an 
arbitrary thickness of roof is taken for illustrative purposes. 

In these calculations, it is assumed that the normal depth of the bottom 
of the basalt, which is also an important equipotential surface of the 
dunite, is 46.4 kilometers below sea level, as in the adopted standard 
Pacific column. On this basis, it appears, from Column A, that the bath- 
olith, with its original thick roof, floats in dunite, and that there is no 
basalt in the vertical column. The basalt had been pushed aside by 
the downward protuberance of the orginal zone of deformation, as it 
sank into the dunite. By the time the roof had been removed, except 
for 0.5 kilometer at the beginning of Cycle I, Column B shows that the 
batholith had emerged from the dunite, and that the basalt had flowed 
back between its bottom and the top of the dunite, to a thickness of 
4.63 kilometers. Owing to the continued rise of the batholith by ero- 
sional levitation, the basalt thickened to 5.54 kilometers at the end of 
Cycle I, and to 5.9 kilometers at the end of Cycle II. After Uplift II, 
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there was no erosional levitation to cause further appreciable rise of 
the batholith; but between that uplift and the present, occurred the most 
important uplift of all, amounting to 1.93 kilometers. 

Cause of Uplift IJ]—This uplift may be explained, from an arith- 
metical point of view, in one of two ways. Either, the batholith was 


TaBLe 1.—Stages of uplift under Case I 


A B Cc D E 
After After 
Early Beginning | Uplift I— After Uplift I1I— 
stage of Beginning | Uplift II— | Thickening 
Batholith before Cycle I of End of of 
erosion Cycle II Cycle II | batholith 
(km.) (km.) (km.) (km.) (km.) 
ca. 10 5 0 0 0 
(rise of mean 
surface) 
Mean altitude of top.| —7.23 8 1.19 1.15 3.08 
Thickness.......... 42.57 42.57 42.05 41.65 55.19 
Depth of bottom....| 49.80 41.77 40.86 40.50 52.11 
Thickness of basalt. . 0 4.63 5.54 5.90 0 


thickened at the expense of the basalt, so that its bottom passed through 
the latter into the dunite and caused it to float higher; or, the basalt 
may have been thickened at the expense of the dunite, and its immersion 
in this rock floated the batholith higher. How could the batholith be 
thickened? Manifestly, only by a recurrence of compressive stress such 
as gave rise to the range in the mid-Mesozoic Revolution. Owing to the 
massive character of the batholith and the absence of stratified structure, 
the compression, when it became effective for deformation, would produce 
not folding, but thrusting and telescoping. This would involve the shov- 
ing of one part over, or under, the opposing part, and so thicken the 
mass. The result of the thickening would be the same as in the original 
concentration of mass at the genesis of the range. Both upward and 
downward protuberances in the zone of deformation would be accen- 
tuated. To lift the surface 1.93 kilometers to the present altitude of 
3.08 kilometers above sea level, the downward protuberance would extend 
through the basalt and 5.71 kilometers into the underlying dunite. For, 
if x be the depth of immersion in the dunite, then— 


2.72 (3.08 + 46.4 -+ 2) =5+ 3.05 414+ 3.32 
whence z= 5.71 km. 
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The thickness of the batholith becomes 3.08 + 46.4 + 5.71 = 55.19 kilo- 
meters, and the increase in thickness, 55.19 — 41.65 = 13.54 kilometers. 
Under these conditions, the column comprising the Sierra Nevada portion 
of the batholith would be in balance with the rest of the crust, with its 
mean surface at 3.08 kilometers above sea level. 

If, on the other hand, we seek to explain Uplift III as a result of 
thickening of the basalt, the batholith itself maintaining a constant 
thickness of 41.65 kilometers, we may compute the required thickness 
of the basalt from the following equation, in which z is the quantity 
sought: 


2.72 41.65 + 3.052 = 5 + 41.4 x 3.05 + 3.3(41.65 — 3.08 + x — 46.4) 
whence x= 31.43 km. 


The column, thus consisting of 41.65 kilometers of batholith floating in 
basalt, which, in turn, is sunk 31.43 — 7.83 = 23.6 kilometers in dunite, 
would, if it could exist, balance the rest of the crust at the depth of 
46.4 + 23.6 = 70 kilometers below sea level. But it is extremely doubtful 
if such a combination is possible. We have concluded that Uplifts I and 
II were due to erosional levitation, and that, as the batholith rose, basalt 
flowed in beneath it to maintain the balance of the column. The basalt 
is then in the zone of flowage. The compressive stress, which must be 
invoked to thicken the basalt, would apply also to the underlying dunite. 
The basalt floats normally at a depth of 46.4 kilometers, upon an equi- 
potential surface of the dunite, and under this condition of equality of 
stress could not descend deeper into it. This means that the basalt could 
not be thickened to float the batholith higher. 

Thus, under the fundamental assumption of Case I—the melt that 
gave rise to the batholith did not extend below the bottom of the sial— 
the only way of accounting for Uplift III is by the thickening of the 
batholith; and there appears to be no way in which this could have been 
accomplished other than by thrusting and telescoping, in a rejuvenation 
of the compressive stress of orogenesis. 


Tsostatic balance of the Great Valley.—In the Great Valley, the surface 
of the batholith passes down to the west, under a great thickness of 
Tertiary marine sediments and later alluvium. Seismic sounding by 
oil geologists shows that these deposits have a thickness of several kilo- 
meters, 8 kilometers as a maximum. In the line of section normal to 
the axis of the Sierra Nevada through Mount Whitney, the mean thick- 
ness is about 4 kilometers, and the mean specific gravity of the sedi- 
mentary formations in the Valley is taken at 2.4. The surface upon 
which the marine Tertiary beds rest appears to have been that of a 
peneplain. If this peneplain had been cut as a plain exactly at sea 
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level, the thickness of the batholith would probably have been 31 kilo- 
meters. Its general altitude, however, even in the past stages of its 
development, was doubtless somewhat above sea level; so we may con- 
sider the thickness of the batholith to be 32 kilometers, which would 
give a surface 0.1 kilometer above sea level. This surface, then, was 
depressed beneath a transgressing sea in middle Tertiary time and re- 
ceived a load of sediments about 4 kilometers thick. These deposits, 
as they accumulated, must have contributed to the depression of the 
subsiding surface, but it is doubtful if their load initiated the downward 
movement; and it certainly cannot have caused the whole depression. 
In accordance with the principle of isostasy, a great local depression 
of the earth’s surface can take place only by reason of the substitution 
of heavier for lighter, far below the surface. When the peneplaned sur- 
face of the batholith, upon which the Tertiary sediments now rest in the 
Great Valley, stood 0.1 kilometer above sea level, the bottom of the 
batholith was 31.9 kilometers below sea level; and, to balance this, at 
the top of the dunite, there intervened, between the latter and the 
batholith, 14.5 kilometers of basalt. If the basalt were withdrawn, 
wholly or in part, and its place taken by dunite, rising from below, the 
batholith would sink, the column still remaining in balance, and its 
surface would become the floor of a basin in which sediments might 
accumulate. Let us suppose, for example, that the whole of the basalt 
were withdrawn, so that the batholith rested directly on the dunite, and 
its depressed surface were covered with sediments of specific gravity 2.4, 
to a height of 0.15 kilometer above sea level, this being the present alti- 
tude of the valley floor. Let x be the depth of the top of the batholith 
below sea level. Then— 


2.4(2 + 0.15) + 2.72 X 32 + 3.3(464 — 32 — x) —5 + 3.05 x 4.14 
whence zx = 4.05 km. 


The thickness of the sediments, under this supposition, is then— 


4.05 + 0.15 = 4.2 kilometers; and the bottom of the batholith is 
32 + 4.05 = 36.05 kilometers below sea level. The substitution of 


dunite for basalt of greater thickness would then be the mechanism 
that activated the depression. Dunite, to the thickness of— 


46.4 — 36.05 = 10.35 kilometers, and 4.2 kilometers of sediments 


have taken the place of 14.5 kilometers of basalt, leaving the column 
comprising these in balance with the rest of the crust. As the basalt 
floats in dunite, there is no theoretical objection to the rise of the latter 
above the 46.4 kilometer level, if the basalt be removed to make way 
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for it. In view of the general isostatic movements of the sial, assumed 
to be floating in basalt, the latter may be regarded as a relatively mobile 
layer. 

But it is not necessary to invoke this mobility of the basalt. The 
substitution of dunite for the latter, 10.35 for 14.5 kilometers, supple- 
mented by 4.2 kilometers of valley fill, might just as well have been 
effected by a zone of low-angle thrust, which crossed and displaced the 
boundary between the basalt and the dunite, along the line of the present 
valley. This mechanical replacement of basalt by dunite would produce 
the valley sag, quite as effectively as the flowage of the basalt away 
from the valley zone and the rise of the dunite to take its place. But 
whether the heavier rock replaced the lighter by flowage or by thrusting, 
the event occurred in Tertiary time, long before post-Tertiary uplift 
of the Sierra Nevada of 1.93 kilometers. Thus, the event is probably 
to be correlated with the orogeny of the Coast Ranges, rather than with 
that of the Sierra Nevada. 

But another possible mechanism must be mentioned, if only for the 
purpose of rejecting it. The substitution of dunite for basalt might have 
been effected by a sundering of the crust, its pulling apart by drag of 
a current in the dunite, and the rise of the latter in a wide fissure, so 
produced. This suggestion will present no difficulty to the advocates of 
continental migration, and has been adopted by the writer, as the best 
explanation of the origin of oceanic deeps. It seems highly improbable, 
however, that this mechanism has operated to cause the sinking of the 
Great Valley. Such a fissure as would permit dunite to rise and displace 
basalt over any considerable fraction of the width of the valley would 
necessarily also sunder the batholith and so unroof the dunite. So 
profound a rupture and sundering of the crust along the axis of the 
Great Valley can scarcely be thought of without the implication of 
manifestations of vulecanism. But there has been no volcanic activity 
in the valley, south of Marysville Buttes, since early Tertiary time. 
Moreover, even if no vuleanism were engendered, the unroofing of the 
dunite necessitates the inference that the crustal column under the 
valley consists only of dunite and Tertiary and later sediments. We 
may ascertain the relative amounts of dunite and sediments in such a 
column to make it balance at the depth of 46.4 kilometers from the 
following equation: Let xz be the thickness of the dunite above depth 
of 46.4 kilometers. Then— 


2.4(46.4 + 0.15 — x) + 3.374—5-+4+ 41.4 X 3.05 
whence x = 21.72 km. 


l seas of the Asiatic Coast, Geol. 


4 Andrew C. Lawson: Insular arcs, for ps, and geosyncl 
Soc. Am., Bull., vol. 43 (1932) p. 372. 
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The thickness of the sediments is, thus, 46.4 + 0.15 — 21.72 = 24.83 
kilometers, which is three times greater than the maximum value found 
by seismic sounding. Another objection is that the folding of the marine 
Tertiary strata, as displayed in the oil fields of the south end of the 
valley, is inconsistent with the tensile stress that the notion of a rupture 
implies. The suggestion of rise of the dunite in a wide fissure, as the 
mechanism that induced the subsidence of the valley, is, therefore, 
rejected as inconsistent with: (1) the absence of vulcanism, (2) the 
known thickness of the Tertiary sediments, and (3) the folded condi- 
tion of the latter. If the Great Valley be regarded as a graben, or 
dropped block, that implies both a tensional stress and a deficiency of 
mass, which calls for compensation in depth, and, therefore, a rise of 
the region embracing the graben. As the folded Tertiary indicates com- 
pressive stress; and as the evidence from sedimentation indicates not 
uplift, but continuous depression since mid-Tertiary time, the hypothesis 
of a graben seems to be negatived. 


CASE II—BASALT INCORPORATED IN BATHOLITH MELT 


In Case I, it has been assumed that the crushing in the zone of 
deformation, and the subsequent melting of the crushed rock to make 
the magma of the batholith, extended down only to the bottom of the 
sial. But we are just as free to assume that the crushed zone included 
the basalt, and even extended down into the dunite, and that the melt, 
which, on freezing, became the batholith, was equally deep. This is the 
condition which it is proposed to discuss as Case II. For the sake of 
simplicity in discussion, it will be assumed that the crushing and fusion 
extended only to the bottom of the basalt; it being recognized that the 
melt may have gone deeper and included some of the dunite. The com- 
bined sial and basalt of the crushed zone, as well as the resulting batho- 
lith, are considered to have a mean specific gravity of 2.83. The argu- 
ment is the same as in Case I, but will be stated more summarily. 

The mean surface of the summit region in the Mount Whitney section 
has an altitude of 3.08 kilometers. For a batholith of specific gravity 
2.83 to float this high, it would be immersed 18.63 kilometers in the 
dunite. Its thickness would be 68.11 kilometers, and its bottom would 
be 65.03 kilometers below sea level. As before, the present altitude is 
the aggregate effect of uplifts I, II, and III. Uplift I is 0.91 kilometer, 
the hypsometric difference between the Chagoopa Plateau and the Sub- 
summit Plateau, and was caused by the erosional removal in Cycle I 
of a layer, 1.08 kilometer thick, of specific gravity 2.72, consisting of 
0.5 kilometer of residual roof and 0.58 kilometer of batholith. After 
the uplift, the thickness of the batholith was 54.75 kilometers, its bottom 
was 53.56 kilometers below sea level, immersed 7.16 kilometers in dunite, 
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and the altitude of its mean surface in the region under consideration 
was 1.19 kilometer. Uplift II was caused by the erosional removal 
of a layer, 0.4 kilometer thick, of specific gravity 2.72, from the top 
of the batholith. This reduced its thickness to 54.35 kilometers, raised 
its bottom 0.33 kilometer to 53.23 kilometers below sea level, and lowered 
the mean surface 0.07 kilometer to 1.12 kilometer above sea level . But 
after this came Uplift III of 3.08 — 1.12 = 1.96 kilometers. To explain 
this, we must invoke the thickening of the batholith, for, in this case, 
there is no basalt intervening between its bottom and the dunite. 


Taste 2—Stages of uplift under Case II 


A B Cc D E 
Early Uplift III 
stage— | Beginning End End to 
Batholith before of Cycle I— | Cycle II— | present 
erosion Cycle I Uplift I Uplift II | condition 
(km.) (km.) (km.) (km.) (km.) 
errr ca. 10. 5 0 0 0 
Mean altitude of top.| —6.84 .86 1.19 1.12 3.08 
... 55.33 55.33 54.75 54.35 68.11 
Depth of bottom....| 62.17 54.47 53.56 53.23 65.03 
Depth of immersion 
in dunite......... 15.77 8.07 7.16 6.83 18.63 


As, after Uplift II, the batholith had a thickness of 54.35 kilometers 
and, after Uplift III, must have had a thickness of 68.11 kilometers, 
in order to float to a height of 3.08 kilometers, the increment is 
68.11 — 54.35 = 13.76 kilometers. As in Case I, this thickening can be 
ascribed only to thrusting and telescoping of the batholith. The fluc- 
tuations of the hypsometric position and thickness of the batholith, 
under the assumption of Case II, are summarized in Table 2. The 
results appear to be as acceptable as those obtained in Case I. The 
thickening of the batholith by thrusting, necessary to give the present 
mean altitude of 3.08 kilometers, is, in the one case, 13.54 kilometers 
and, in the other, 13.76 kilometers. When we turn our consideration 
again to the Great Valley, however, we are limited, in attempting to 
explain the Tertiary subsidence, to the substitution of dunite for the 
rock of the batholith; and this was more probably effected by thrusting 
than by flowage. That is to say, on a low-angle thrust crossing the 
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boundary of the batholith and the underlying dunite, in the line of the 
present valley, a wedge of the latter may have displaced a mass of the 
batholith sufficiently thick to have induced the sinking of the column 
in which it occurred. 

As an alternative, we might, of course, postulate a sundering of the 
batholith itself, along the axis of the valley, and a welling up of the 
dunite into the fissure. The objections to this hypothesis have been set 
forth in the discussion of Case I; they apply with equal force here. 

Thus, to summarize: in Case I, in which the batholith melt is limited 
to the sial, two alternatives were considered; and, of these, one—that 
Uplift III was due to thickening of the basalt—was rejected. The other 
alternative—that Uplift III is a result of a thickening of batholith itself, 
by thrusting and telescoping—remains as the only acceptable conclusion. 
In Case II, in which the batholith melt includes both sial and basalt, 
the same conclusion is reached, the difference in the thickening of the 
batholith to produce high flotation being only 0.22 kilometer in the two 
cases. The Tertiary subsidence of the Great Valley is also best explained 
by thrusting. The thrust in this case, however, substituted heavier rock 
for lighter. 


CONSEQUENCES OF THICKENING OF THE BATHOLITH 


But what are the consequences of this conclusion? One is, if we 
accept it, that we must abandon the notion that the eastern front of the 
range is the scarp of a normal fault. The thrust that thickened the 
batholith must have had an emergence at the surface, and the only place 
available for the trace of that emergence is the base of the eastern front. 
That front is, then, the degraded edge of a thrust block. The normal 
faults apparent in Owens Valley, Carson Valley, and elsewhere along 
the base of the range, become the manifestations of minor movements 
of adjustment, which are necessary concomitants of thrusting on a large 
scale. A further consequence is that Owens Valley ceases to be a graben, 
in the sense that it is due to the infall of a block or wedge of the 
crust. Its graben-like profile is to be interpreted as due to the rise of 
the edge of the thrust block on the thrust plane and its relative approach 
to the western front of a pre-existing range—the Inyo Range; it may be 
reasonably inferred that the block, in its relative movement eastward, 
has overridden a belt of fragments fallen from its edge. If the thrust 
surface be a curve, other than a circle, convex upward, relative move- 
ment upon it would tend to lift the upper block from the lower, and 
so cause its collapse. This may be the cause of the break recognized 
in the rift of the Kern Canyon, which originated before the cutting of 
the canyon, and determined its course. 
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MOUNT DANA SECTION 


Discussion of the isostatic relations of the Mount Whitney section, 
might be duplicated on the basis of those afforded by the Mount Dana 
section, 105 miles farther north. At Mount Dana, a flat-lying remnant 
of the roof of the batholith is the summit of the range, the altitude of 
which is 13,050 feet. The Mount Dana Plateau, a notable feature of the 
profile of the range, and probably also the terrace on the west side of 
Kuna Crest, correspond to the Subsummit Plateau, with a mean alti- 
tude of 11,600 feet. Tuolumne Meadows corresponds to the Chagoopa 
Plateau and has a mean altitude of 8,700 feet. The hypsometric interval 
between these two old valley floors is, thus, 2,900 feet, or .88 kilometer, 
and this figure is the measure of Uplift I, as both floors were presumably 
cut at base level of erosion. Tuolumne Meadows has the same geo- 
morphogenic relation to Tuolumne Canyon that Chagoopa Plateau has 
to the canyon of the Kern. Its uplift is the difference between its present 
mean altitude, 8,700 feet, and that of the local base level of erosion at 
which it was cut, here probably nearer .2 kilometer than .3 kilometer. 
That uplift, thus measured, is 2.45 kilometers. Careful estimate of the 
mean thickness of the erosional removal between contours 11,600 and 
8,700, shows that the mean layer removed could not have exceeded .4 
kilometer. Levitation by this amount would account for only .35 kilo- 
meter of the uplift, leaving 2.45 — .35 = 2.1 kilometers to be explained. 
The uplift of .85 kilometer corresponds to, and is the same as, Uplift II 
in the Mount Whitney section; and 2.1 kilometers is the measure of Up- 
lift III, being somewhat larger than at Mount Whitney. 

As before, the only way of accounting for Uplift III, consistently with 
the principles of isostasy, is by a thickening of the batholith; and the 
only way in which this could be accomplished is by horizontal compres- 
sion, culminating in telescoping or thrusting. We must, thus, regard 
the front of the range, overlooking Mono Lake, as the edge of a moun- 
tain block uplifted by thrusting, and interpret the evidence of normal 
faulting as a secondary effect, due to adjustments necessitated by the 
thrust. 
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SEDIMENTATION IN RELATION TO TECTONICS 
BY E. B. BAILEY 


The architecture of the Earth’s crust, and more particularly the 
earth-movements registered in this architecture, provide the subject 
matter of Tectonics. Relevant data are furnished through study of the 
sedimentary rocks, most of which originated as sand, mud, or calcareous 
matter, deposited in a succession of approximately horizontal layers, 
known as beds, or strata. Exposure by erosion shows that, over wide 
extents of our continents, approximate horizontality of bedding has been 
maintained from remote antiquity. There has been elevation or depres- 
sion, but comparatively little tilting or bending. Such conditions hold 
in the persistent platforms, represented in much of Russia and the interior 
of North America. On the other hand, in the folded mountains, as, for 
instance, the Alps and the Appalachians, the bedding has been affected 
by subsequent disturbances, which have produced bends, or folds, and 
also fractures with displacement, especially of the overriding type known 
as thrusting. 

It was early realized that the present-day attitude of bedding in folded 
mountain ranges betokens lateral compression. Indeed, in 1812, James 
Hall, of Edinburgh, reproduced many of the characteristic features of 
mountain structure by crushing a pile of cloths, at right angles to its 
stratification, between the jaws of a vise. 

Further information can be deduced by employment of geologic units, 
compounded of whole series of beds. Such units, defined by reference to 
rock character or fossil content, are known as formations. They may be 
large or small, according to convenience. It is found that within any 
particular locality there is a characteristic original order of formations, 
and that, in folded mountains, this order may be modified, even to the 
extent of producing widespread inversion. 

Fossils are an invaluable feature of the sedimentary rocks. For one 
thing, they provide a time scale for dating geologic events in terms of the 
evolutionary progress of the organic life of the Globe. Thus, with help 
from fossils, and with due regard to breaks in the stratigraphic succes- 
sion, known as angular unconformities, such matters as the duration of 
persistent platforms and the development of folded mountains can be 
given their place in the geological time table. We all know that the 
Alps are very much younger than the Appalachians. 
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Fossils assist in other directions. For instance, they may enable us 
to match contemporaneous formations, which happen to present strong 
local contrast of facies, or character. This use of fossils has always been 
of fundamental importance in historical geology, and has lately illumi- 
nated many a stubborn problem in tectonics. The compressional move- 
ments, which have so often piled up the rocks of folded mountains in 
broken overthrust succession, have at the same time shuffled the original 
elements of facies distribution. The relative movement of individual 
thrust-slices is frequently to be measured in tens of miles, whereas the 
total relative displacement registered in a single mountain-chain may 
amount to several hundreds of miles. No wonder then that the facies 
of traveled formations in overlying thrust-masses may be strikingly 
different from that characteristic of their overridden foundation. This 
principle of exotic facies found its most famous application in 1893, in 
the Hans Schardt interpretation of the Prealps. 

There are cases where the tectonist has to draw his conclusions without 
any help from fossils. This happens, for instance, in the interior of 
the Scottish Highlands, where the sediments are too old, or perhaps 
merely too much altered, to contain remains of organisms. Here, for 
a time, great difficulty was felt in deciding whether or not, at any 
particular locality the formations were right way up or upside down. 
Now, happily, the problem can often be solved by paying attention to 
the internal character of individual beds. Sandstone very frequently 
shows either current bedding, in which the constituent laminae are 
curved and repeatedly eroded, or graded bedding, in which the material 
of an individual bed is coarser below and finer above. In either case, 
it is possible to distinguish the right-way-up from the upside-down atti- 
tude; and the result has been to demonstrate, beyond question, great 
regions of inversion, coupled with eddy structures hitherto unrecognized 
in tectonics. 

This simple and fruitful technique has only recently been introduced 
into the Scottish area, from America, where it had been widely taught 
by C. K. Leith; but A. Lamont has recently brought to my notice that 
J. Kelly in Ireland, as early as 1864, recognized that current bedding 
“is important inasmuch as from it we may know, in beds of rock, when 
they are tilted up to an inclined or vertical position, what side of a bed 
was uppermost when it was deposited.” 

I have already pointed out that the deformation of folded mountains 
indicates some form of lateral compression. There is no general agree- 
ment as to cause. The oldest theory, that of Elie de Beaumont, attributes 
folded mountains to pressure in the earth’s crust through accommodation 
to a cooling, shrinking interior. In spite of radioactivity, this view still 


: 
4 


IN RELATION TO TECTONICS 1715 


has important advocates. Other theories invoke some type of glacier-like 
motion in the crust. Others picture the process rather in metaphors 
of ice-packs and ice-bergs. Here, we find Wegener’s theory of continental 
drift, which, in spite of its difficulties, furnishes, to my mind, the only 
rational explanation yet offered of the apparent dispersal of the Late 
Carboniferous, or Early Permian, glaciation of Gondwanaland. How 
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Current bedding Graded bedding 
Ficure 1—Current and graded bedding 


else can we account for the records of this glaciation in India, South 
Africa, Australia, Brazil, and the Falkland Islands? 

Let me here introduce another, and quite different, connection between 
sedimentation and tectonics. In 1859, James Hall, of New York, pointed 
out that folded mountains are often made of specially thick accumula- 
tions of shallow-water sediments. These indicate anticipatory subsidence 
on the site of the future chain. Hall imagined the sediment brought by 
persistent ocean currents. Wherever it was dropped, he fancied that it 
depressed the supporting floor until the original depth of water was 
regained. And so the process continued, subsidence, foot by foot, keeping 
pace with deposit. I do not propose to follow his theories any further. 
That part which I have sketched seems to me a very exaggerated appli- 
cation of the principle of isostasy. Still, it is generally admitted that 
Hall did great service in stressing the connection, which quite commonly 
exists, between thick sedimentation and subsequent mountain-folding. 

Dana was greatly impressed with this connection, though he reversed 
Hall’s hypothesis as regards the relationship between sedimentation and 
subsidence. For Dana, subsidence gave opportunity for sedimentation, 
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not vice versa. A keen adherent of the theory of a cooling shrinking 
earth-interior, he attributed the subsidence to downfolding caused by 
lateral compression in the earth’s crust. In 1873, he introduced the 
name geosyncline, to cover complex belts of subsidence originating in this 
fashion. Today, the word geosyncline is used without any reference to 
theories of origin; it merely means a broad belt of profound subsidence 
developed through a long period of time by repetition of movement. In 
this sense, almost every one is prepared to clothe the empirical part of 
Hall’s ideas in Dana’s words, and to say that many of the folded moun- 
tains of the world are composed of geosynclinal sediments. 

It is possible to accept Dana’s view that the subsidence of geosynclines 
is, in large measure, independent of sedimentary load, without necessarily 
agreeing with him that it is a result of lateral compression. If Dana is 
right in his sequence, one may expect to find fairly deep, and even very 
deep, water deposits in geosynclinal depressions—where sedimentation 
has failed to keep pace with subsidence. Most geologists think that 
geosynclinal sediments have often formed at much more considerable 
depths than Hall was prepared to admit. 

Let me return to the current and graded types of bedding found in 
sandy sediments. Sometimes there is an admixture of type, even within 
one and the same bed; but, on the whole, current bedding and graded 
bedding are the distinguishing marks of two different sandstone-facies. 
Current-bedded sandstones are obviously the products of bottom cur- 
rents. Graded-bedded sandstones are products of settling through com- 
paratively still bottom-water, which allows sand and mud to accumulate 
in one and the same locality, though with a lag on the part of the mud, 
determined by its finer texture. Where, as so often happens, there is a 
succession of graded beds, it is clear that bottom currents must have 
been habitually absent, or there would have been resorting and redistri- 
bution of the material. Thus, current-bedded sandstones belong to rela- 
tively shallow water (or to the air), and graded-bedded sandstones 
belong to relatively deep water. 

I have not explored the evidence nearly so fully as I should like; but 
I think that it points to a significant connection between graded bedding 
and geosynclinal depression. Thus, graded bedding abounds in the 
younger Dalradian (probably Late pre-Cambrian), Cambrian, Ordo- 
vician, and Silurian of Scotland, Ireland, and Wales, within the compass 
of the Caledonian geosyncline. At this stage, according to my experience, 
it disappears from northern Britain, except in local patches of Glacial 
varve clay. I am told, however, that it characterizes some of the 
Carboniferous of the Armorican geosyncline of the Devon peninsula; 
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and I have found it, where I expected, in the Tertiary Flysch of the 
Alpine geosyncline. 

As already hinted, graded bedding is not entirely geosynclinal. On the 
contrary, it is highly characteristic of the Glacial varve clays of the 
Baltic and the Great Lakes, so thoroughly investigated by de Geer and 
his followers. It is instructive, therefore, to compare the graded beds 
of the geosynclines with the Glacial varves. Many geosynclinal beds 
are thicker and much more gritty than their Glacial counterparts, and 
were deposited in salt water instead of fresh; but they agree with the 
varves in the internal arrangement of their coarser and finer material, 
and in their tendency to recur in long sequences. The Glacial varves are 
interpreted as yearly deposits. Their substance is attributed to the 
melting of ice-sheets. During thaw periods, lakes standing in front of 
ice-sheets deposit the more sandy part of their load, almost as it is 
received. During winter, they drop what remains of the finer mud. 
Perhaps, in the geosynclinal story, submarine earthquakes, connected 
with renewal of subsidence, take the place of melting ice-sheets, as 
intermittent distributors of sand and mud. I made this suggestion 
half a dozen years ago, and all that I have seen in the interval confirms 
its probability. There is a tendency for geologists to recoil from cata- 
strophic interpretation, and to smile at the idea of many thousands 
of earthquakes recorded, let us say, in the graded greywackes of the 
Southern Uplands of Scotland. On the other hand, it is common knowl- 
edge that most of the great earthquakes of today originate under the 
slopes of the oceanic deeps, and that an active seismic area may be 
disastrously shaken as often as three times a century. Moreover, earth- 
quakes have long been invoked to account for certain geologic features, 
quite apart from graded bedding. The literature is widely scattered, but 
guide references are given at the end of this paper. The symptoms that 
have led to diagnosis of past earthquakes are various. They include 
landslips spread out as rubble-topped boulder beds by tunamis (“tidal 
waves’), slip bedding, and sandstone dikes. I know of no better intro- 
duction to the subject than is afforded by the Kimmeridgian of Helmsdale 
in the northeast of Scotland. 

I hope that I have persuaded some of my audience to follow me down 
the geosynclinal slopes, in company with earthquake-shaken grit and 
sand, to greater depths than are reached by ordinary bottom currents. 
Others have ventured in advance. For instance, W. H. Twenhofel, in the 
1926 edition of his Treatise on Sedimentation, has written: “About many 
ocean islands and the younger continental margins are steep slopes down 
which materials are readily moved to the deeper waters of the bathyal 
environment. Such steep slopes lead to inclined deposition and favor 
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slumping, particularly if the steep slopes are the loci of seismic move- 
ment.” Now, with some hesitation, I suggest we take the final plunge, 
and, greatly daring, descend into the abysses explored by G. Steinmann. 

In 1889, Steinmann visited the Iberg klippes east of Lake Lucerne, and 
found two closely associated suites of rock, hitherto unrecognized in 
northern Switzerland: the one consists of radiolarian chert and brown-red 
clay, the other of ophiolitic igneous material. Under the latter heading, 
Steinmann includes serpentine, ophicalcite, spilite, diabase-porphyrite, 
variolite, and gabbro. The sediments are of Upper Jurassic and Lower 
Cretaceous date; but they contrast strongly in character with neighboring 
exposures of the same age. In fact, they afford a striking example of 
exotic facies; and, when further research brought out the main features 
of their distribution, it won from Steinmann a generous acceptance of 
Schardt’s structural theory of the Prealps and of the Alps as a whole. 

Before Steinmann had reached this stage in his tectonic education, 
he had already played a leading réle in establishing the association of 
radiolarian chert and ophiolites in many other parts of the world, irre- 
spective of date. Again and again, these rocks are together in the middle 
belts of geosynclines, ancient and modern. I shall for brevity, restrict 
my remarks to Ordovician examples in the Caledonian geosyncline of 
southern Scotland, and to their Mesozoic counterparts in the Alps and 
Apennines. 

Both in Scotland and in the Alps, a small thickness of radiolarian 
cherts represents zones that elsewhere swell to big dimensions. I take 
my data for Scotland from B. N. Peach and J. Horne, who, with G. J. 
Hinde, favored a deep-sea origin for the cherts, interpreting them as 
homologues of the abyssal radiolarian oozes of today. Peach and Horne 
regarded some 70 feet of radiolarian chert, devoid of macrofossils, as 
the equivalent of the graptolite zones (four are listed by W. W. Watts 
in the Handbook of the Geology of Great Britain) that normally sepa- 
rate the Didymograptus extensus zone of the Arenigian from the Nema- 
graptus gracilis zone of the Upper Llandeilian (later transferred by 
Geological Survey authors to the Lower Caradocian). An alternative 
interpretation has recently been advanced by J. Pringle; but it postulates 
an unconformity between the main radiolarian cherts and the thin Nema- 
graptus gracilis shales, which themselves carry intercalations of radio- 
larian chert, and, so, is far less appealing than Peach and Horne’s con- 
ception of continuous slow deep-sea sedimentation. Of course, with 
every other observer, Peach and Horne recognized that the Nemagraptus 
gracilis zone becomes unconformable where traced northwestward across 
the strike to the Girvan district, where, however, it assumes a conglom- 
eratic and shelly facies of considerable thickness. 
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It is impossible here to reproduce at length Steinmmann’s arguments for 
the abyssal origin of the Mesozoic radiolarian cherts of the Alps and 
the Apennines. Mention may, however, be made of one picturesque 
feature, which, naturally, is not found in the Ordovician of Scotland. 
The Alpine cherts are significantly associated with Aptychus-limestones, 
in which ammonites are represented merely by their resistant opercula, 
much as whales, in modern abyssal deposits, are represented by their 
resistant ear-bones. Moreover, as Suess remarks, sharks’ teeth in the 
chert suite of sediments have decalcified bases. The combined weight 
of such evidence has led many Alpine geologists to follow M. Neumayr 
and Steinmann, rather than E. Haug, and to admit the abyssal hypoth- 
esis. I am prepared to do so myself, though there is no doubt that the 
choice is difficult. As a typical example pointing to the necessity for 
caution, I may instance the Carboniferous radiolarian cherts of the 
marginal portion of the Armorican geosyncline in South Wales. Com- 
petent opinion seems overwhelmingly in favor of E. E. L. Dixon’s view 
that these particular cherts are shallow-water deposits; and, yet, they 
closely resemble the Ordovician and Mesozoic cherts which we have 
been discussing. 

Now let us pass on to consider the association of ophiolites and 
radiolarian chert, which is far too widespread in time and place to be 
accidental. H. Dewey and J. S. Flett, in 1911, pointed out that sub- 
marine eruptions must give optimum conditions for growth of radiolaria, 
so far as silica solution is concerned. This probably affords a contrib- 
uting factor in the explanation; but it does not account for the general 
reduction of sediment other than radiolarian chert. Steinmann, in 1905, 
had already approached the matter from quite a different standpoint. 
As we have indicated, he attributed to abyssal conditions of deposit all 
the peculiar characters of the radiolarian cherts and associated sedi- 
ments, including their small proportions; and he claimed that the ophio- 
lite assemblage, with its abundance of serpentine, seemed to represent just 
the type of heavy magma likely to be tapped at a thoroughly deep level. 

E. Argand has developed Steinmann’s views, and has pictured geo- 
synclines as determined by stretching, by continental drift-apart, which 
attenuates the sial layer and eventually allows sima to reach the bottom 
of the sea at bathyal or abyssal depths. If such drift-separation con- 
tinues, a new ocean bed may be developed, covered with products of 
submarine eruptions. If, as has thrice happened in the post-Cambrian 
history of Europe, a drift of separation gives place to a drift of approach, 
then a folded mountain chain comes into being." 


1W. H. Bucher has expressed very much the same idea: ‘Folding and upward movements are 
thought to be the result of compression, and fracturing and downward movements that of tension.” 
{The deformation of the earth’s crust (1933) p. 140. Princeton University Press.] 
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Here, I may refer to a detail of Steinmann’s views, with which I do 
not agree: Steinmann was always loath to admit that any of the ophiolites 
might be volcanic. In 1905, he stated that the interpretation of pillow 
structure remained a problem for the future. In 1926, he argued that, 
if the so-called pillow lavas were actually lavas, they would not be so 
habitually associated with plutonic rocks. Accordingly, he explained 
away, as best he might, the apparent ash beds among the ophiolites of 
the Apennines. My own attitude is that the ophiolite assemblages do 
contain a larger proportion of intrusions than commonly occurs in sub- 
aerial volcanoes, but that their pillow lavas are genuine submarine flows. 
I know that many authors claim that so-called pillow lavas are really 
intrusions into incoherent submarine sediment; but I have seen number- 
less examples of adjacent pillows with chilled margins, unseparated by 
sediment. It seems certain, in such cases, that the pillows have originated 
by budding into water, in the manner described by Tempest Anderson 
from personal observation of the Matavanu eruption of 1905. Stein- 
mann’s disinclination to recognize volcanic action has had much influence 
among Alpine geologists, but has not met with universal acceptance. I 
notice, for instance, that L. W. Collet, in the second edition of The 
Structure of the Alps, speaks of “pillow lavas being frequent in the 
ophiolites” of Elba. 

I venture to think that the prevalence of intrusions among the ophio- 
lites can be brought into relation with their submarine environment and 
that the same holds good for certain other characteristics of the suite. 
Thus: 

(1) Submarine magma presumably finds it difficult to face the chilling 
effect of water, and tends to spread under cover of already consolidated 
lava. Such behavior is but an exaggeration of the common practice of 
a lava, to flow through tunnels of its own consolidated substance, a phe- 
nomenon included under the title auto-intrusion; one may even compare 
it with the filling of an individual pillow, where the interior sometimes 
has coarse doleritic texture behind a skin of variolite and glass. 

(2) Plutonic rocks among the ophiolites often seem to have had sur- 
prisingly little cover—unless we remember that water formed a very 
important part of this cover. 

(3) The plutonic rocks seldom produce recognizable contact alteration, 
in the ordinary sense. Most contact alteration is a dehydration phe- 
nomenon, and is not to be expected in a submarine environment. 

(4) In general, the ophiolites are greatly decomposed, exhibiting ser- 
pentinization, chloritization, epidotization, calcitization, and albitization. 
Such phenomena are familiar in many terrestrial volcanoes, for instance, 
within the pneumatolytic zone of the great Tertiary volcano of Mull in 
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Scotland; but experience teaches that they are more widespread in sub- 
marine voleanoes. Steinmann, in 1905, connected serpentinization with 
access of sea water, though later he abandoned the idea. Beskow has 
more recently argued for the interaction of sea water and pillow lavas. 
In my opinion, the alteration of the ophiolites in a watery environment 


Fiaure 3.—Kiogarh Summit No. 6 
View from southwest. (D) grey dolomitic limestone, probably mostly Upper Trias of Tibetan 
facies. (5) basic igneous rocks. (Sketch from a picture by Bemrose & Sons, Ltd., Derby and London.) 


recalls the alteration of white traps (dolomitization and kaolinization) 
in a carbonaceous environment. 

(5) The plutonic rocks of the ophiolites sometimes appear as pebbles 
very early in subsequent conglomerates. Insofar as their cover is water, 
it automatically disappears on elevation. 

Let us now return to Steinmann’s theory of the ophiolites. His main 
claim was that ophiolites occur in significant association with abyssal 
sediments. He regarded them as intrusions, injected during early stages 
in the upheaval of these sediments. He was insistent that, in the Alps 
and Apennines, they have functioned as passive components of the thrust- 
masses (nappes) in which they occur. They have suffered the nappe- 
movements, and have not transgressed from one nappe to another. 

An alternative theory has been advanced by Suess, according to which, 
many of the ophiolites, or greenstones as he prefers to call them, have 
been injected along thrusts in the making. Suess thus interprets a zone 
of basic igneous rocks, which overlies the Himalayas and carries and 
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penetrates vast exotic blocks derived from Tibet (Figs. 2,3). The facies 
contrast between the folded Himalayan foundation and the broken 
Tibetan cover is extremely striking. It is expressed, either paleonto- 
logically or lithologically, in every formation from Permo-Carboniferous 
to Lias—although not maintained in the later Jurassic and Cretaceous. 
Suess based his ideas in this field upon the explorations of a number of 
workers, notably A. von Krafft. The latest researches by D. N. Wadia 
have demonstrated that submarine flows, dating from late Cretaceous, 
or early Eocene, enter largely into the basic igneous zone. It seems to 
me that Suess, in this particular case, must be in part, at least, correct. 
I take it that a Tibetan nappe has passed over a line of active submarine 
volcanoes; and that thereafter, for a while, magma has flowed along the 
thrust at the base of the nappe; but whether or not the original volcanoes 
were fed from a thrust plane has not been decided. 

Although Steinmann and Suess were inclined to contrast their par- 
ticular views, later Alpine tectonists have tended to combine them. In 
the Caledonian Chain there are distinct suggestions that such a combina- 
tion may furnish a solution to a number of problems. Although it is 
easy to suppose that this geosyncline may have originated, and grown 
to a maximum, as a result of extension, it seems to have been able to 
adapt itself with redistribution during subsequent compression. We 
know that compression followed quickly on the heels of major Arenigian 
eruptions. Perhaps, it started a little earlier than has been generally 
recognized, in which case the Arenigian magma may have found its 
way up along incipient thrusts. On the other hand, we must not lose 
sight of Steinmann’s contention that mere association of intrusions and 
thrusts does not, in itself, point to contemporaneity. We know that vast 
submarine volcanoes were built upon the Arenigian sea-floor of the 
Scottish and Norwegian area, and were stuffed with copious intrusions 
of gabbro and serpentine. During subsequent episodes of thrusting, these 
complex volcanoes, even if entirely extinct and passive, may well have 
exercised a guiding and controlling influence. Imagine a thrust-mass 
advancing on the floor of the Pacific, and meeting a Hawaiian island. 
It might push it forward. It might climb its slopes. At any rate, it 
would have to take notice of the obstruction. I am doubtful whether 
this aspect of the problem has been sufficiently considered in recent 


interpretations of the Pennine Alps. 


REFERENCES 
HISTORICAL 


Bailey, E. B.: Tectonic essays: Mainly alpine, Chap. II, Chronology of tectonic 
discovery: 1776-1893 (1935) Oxford. 


§ 
4 
§ 
- 
| 


1724 E. B. BAILEY—SEDIMENTATION 


CURRENT AND GRADED BEDDING 


Bailey, E. B.: New light on sedimentation and tectonics, Geol. Mag., vol. 67 (1930) 

Kelly, J.: Notes upon the errors of geology illustrated by reference to facts observed 
in Ireland (1864) p. 158 (current bedding). London. 

Pettijohn, F. J.: Early pre-Cambrian varved slate in northwestern Ontario, Geol. 
Soc. Am., Bull., vol. 47 (1936) p. 621 (with glacial interpretation). 


EARTHQUAKES 


Bailey, E. B., and Weir, J.: Submarine faulting in Kimmeridgian times: East Suther- 
land, Royal Soc. Edinburgh, Tr., vol. 57 (1932) p. 429. 

Daly, R. A.: Our mobile earth (1926) New York and London. 

Henderson, 8S. M. K.: Ordovician submarine disturbances in the Girvan district, 
Royal Soc. Edinburgh, Tr., vol. 58 (1935) p. 487. 


RADIOLARIAN CHERT AND OPHIOLITES 


Anderson, J. G. C.: Age of the Girvan-Ballantrae serpentine, Geol. Mag., vol. 73 
(1936). In press. 

, Tempest: The volcano of Matavanu in Savaii, Geol. Soc. London, Quart. 
Jour., vol. 66 (1910) p. 621 (pillow structure, p. 632). 

Beskow, B.: Sédra Storfjallet in Sudlichen Lapland, Sver. Geol. Undersék Arbok 21, 
1927, no. 5 (1929) p. 288 (chemical decomposition). 

Dewey, H., and Flett, J. S.: British pillow-lavas and the rocks associated with them, 
Geol. Mag., dec. 5, vol. 8 (1911) p. 202. 

Dixon, E. E. L., and Vaughan, A.: The Carboniferous succession in Gower (Glamor- 
ganshire) with notes on its fauna and conditions of deposition, Geol. Soc. 
London, Quart. Jour., vol. 67 (1911) p. 477 (shallow-water interpretation, 
p. 519). 

Peach, B. N., and Horne, J.: The Silurian rocks of Britain, vol. I, Scotland, Geol. 
Surv. United Kingdom, Mem. (1899). 

Pringle, J.: British regional geology: The south of Scotland, Geol. Surv. United 
Kingdom, Mem. (1935) p. 14, 15 (suggested unconformity). 

Steinmann, G.: Geologische Beobachtungen in den Alpen. II. Die Schardtsche 
Ueberfaltungstheorie und die geologische Bedeutung der Tiefseeabsatze und 
der ophiolithischen Massengesteine, Bericht. Naturforsch. Gesell. Freiburg, 
vol. 16 (1905) p. [18]. 

——: Die ophiolithischen Zonen, in den mediterranean Kettenbirgen, Congr. Géol. 
Intern., Sess. 14, Madrid, 1926, C. R., vol. 2 (1927) p. 637. 

Teall, J. J. H.: On greenstones associated with radiolarian cherts, Royal Soc. Cornwall, 
Tr., vol. 11 (1895) p. 560. 


GREEN ROCKS AND HIMALAYA—TIBET CONTACT 


Krafft, A. von: Notes on the “Exotic Blocks” of Malla Johar in the Bhot Mountains 
of Kumaon, Geol. Surv. India, Mem., vol. 32 (1902) p. 127. 
Suess, E.: Sur la nature des charriages, Acad. Sci. Paris, C. R., vol. 139 (1904) p. 714. 
: Antlitz der Erde, Vienna and Leipzig, vol. 3, pt. 2 (1909) p. 644-649, 675; 
French edition, with map, vol. 3, pt. 3, p. 1497-1505, 1540; English edition, 
vol. 4, p. 561-567, 586. 
Wadia, D. N.: On the Cretaceous and Eocene volcanic rocks of the Great Himalaya 
Range in North Kashmir, Geol. Surv. India, Rec., vol. 68 (1935) p. 419. 


— 
4 
4 
a 
3 
4 
3 i 


IN RELATION TO TECTONICS 1725 


GEOSYNCLINAL STRETCHING 


Argand, E.: La tectonique de l’Asie, Congr. Géol. Intern., Sess. 13, Belgium, 1923, 
C. R. (1924) p. 171 (see p. 290). 

Bucher, W. H.: The deformation of the earth’s crust (1933.) Princeton University 
Press. 


Unversity oF GLascow, GLascow, ScoTLAND. 

MANUSCRIPT RECEIVED BY THE SECRETARY OF THE Society, SepremBer 14, 1936. 

PAPeR DELIVERED AT THE TERCENTENARY CONFERENCE OF ARTS AND Sciences aT Harvarp UNIVERSITY, 
Seprember, 1936. 

ACCEPTED BY THE COMMITTEE ON PUBLICATIONS, 1936. 


| 
4 
‘ 
# 
i 


ke 
> 
: 
‘ 
or 
| 
4 
4 


BULL. GEOL. SOC. AM., VOL. 47 


105 \00° 


= 
Black: Hills 
lac 
ZA 
Vt 
| (Dike Pk 
Veta Mt \ 
\ \ 
\ 


PALEOZOI’S 


SCALE 


omnes 


\ 


\ 
\ 


STOCKS OF THE SPANISH 


Geology mainly by R. C. Hills, with ad¢ 


4 
: 
ae 
Ne: N SS 
\ 
\ 


Walsenburg 


+ 


PYROAENE 


POR PHYAY 


MICROGRAWITE 

GRANITE 

pORPHYAY 

all 
WHICH SPECIMENS WERE 


OBTAINED FOR CHEM- 
‘CAL ANALYSIS. 


wy 


Cretaceous 
(pre-Laramie) 


37°201 


OCKS OF THE SPANISH PEAKS AND ASSOCIATED DIKES 
y by R. C. Hills, with additions by G. B. Richardson and Adolph Knopf. 


ML. 47 KNOPF, PL. 1 

| 

| 

= \ = 

— | 

| 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 47, PP. 1727-1784, 5 PLS., NOVEMBER 30, 1936 


IGNEOUS GEOLOGY OF THE SPANISH PEAKS 
REGION, COLORADO 


BY ADOLPH KNOPF 


CONTENTS 


Raton and Poison Canyon formations. ...............ccecscececeecs 1732 
Pyroxene ayenodiorite of West Peak. 
Microgranite of North, Middle, and South Peaks 


Contact metamorphism by the dikes. ..............cccccccccssccecscens 
Teschenites and olivine-titanaugite lamprophyres 
Trachydolerite, trachybasalt, and 


t 
Page 
1740 
1741 
1741 
1743 
1745 
1749 
1755 
1759 
1761 
1763 
1768 
1770 
1771 
1772 
1774 
(1727) 3 


1728 ADOLPH KNOPF—IGNEOUS GEOLOGY OF THE SPANISH PEAKS REGION 


Page 
ILLUSTRATIONS 
Plate Facing page 
1. Stocks of the Spanish Peaks and associated dikes....................2205. 1727 
5. Intersecting dikes on flank of West Peak... 1773 
INTRODUCTION 


The Spanish Peaks region in Colorado is famous for its remarkable 
system of radial dikes. These dikes and the accompanying sills were 
mapped by R. C. Hills in the Spanish Peaks and Walsenburg folios of 
the United States Geological Survey. The dikes extend out from the 
Spanish Peaks as a center to a distance of 25 miles or more. Some 300 
dikes were mapped by Hills; but, inasmuch as he mapped only two- 
thirds of the area surrounding the Peaks, and, of necessity, only the 
thicker and more prominent dikes, the total number of dikes is probably 
not less than 500. Hills’ work was done mainly for the purpose of deter- 
mining the important coal resources of the area, and, in view of the in- 
adequacy of the topographic maps (1:125,000), the mapping of the dikes 
stands as a remarkably fine achievement. According to Hills, the dikes 
were injected in the following order: (1) early monzonite porphyry; (2) 
early lamprophyre; (3) late monzonite porphyry; (4) late lamprophyres; 
and (5) basalt. A notable feature of this sequence is that two periods 
of injection of lamprophyres are shown, and this conclusion has been 
confirmed by the present study. Petrographically and chemically, how- 
ever, the Spanish Peaks region has proved to be a nearly untilled field. 


FIELD WORK AND ACKNOWLEDGMENTS 


Six weeks were spent in field work during July and August, 1932, made 
possible by a generous grant from the Dana Research Fund of Yale Uni- 
versity. Another week was spent in July, 1934, to collect more material 
for the chemical analyses that had been shown to be desirable by the 
petrographic examination of the specimens collected during the earlier 
field work. Through the courtesy of the United States Geological Sur- 
vey, seven chemical analyses were made by Mr. George Steiger, to whom 
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grateful thanks are due; and a grant of $350 from the Penrose Bequest 
of the Geological Society of America defrayed the cost of ten additional 
chemical analyses, which were made by Dr. R. B. Ellestad, of the Chemi- 
cal Laboratory for Rock Analysis at the University of Minnesota. This 
aid is also gratefully acknowledged. 

During the field work I had the invaluable assistance of my wife, 
Eleanora Bliss Knopf. 


LOCATION OF THE REGION 


The Spanish Peaks comprise a double mountain that stands well out 
from the eastern front of the Rocky Mountains (Pl. 2). They are in 
southern Colorado, not far from the New Mexico line—about 40 miles— 
and stand in front of the Culebra Range, as this local representative of 
the Rocky Mountains is known. Rising majestically from the plains to 
a height of 13,623 feet, the Spanish Peaks are prominent landmarks: they 
are visible from Trinidad on the Santa Fe railway, 40 miles south, and 
from Pikes Peak, 100 miles north. The nearest city is Walsenburg, an 
attractive town of 5,500 population, and the hamlet of La Veta, tucked 
away in an extraordinarily picturesque setting, lies under the shadow of 
the Peaks, on their north flank. Of all the many beautiful approaches 
to these noble Peaks, that by way of the South Fork of the Trujillo, a 
tributary of the Apishapa River, is the most picturesque. 


GEOMORPHIC SKETCH 


The plains east of the Spanish Peaks have an altitude of 6,000 feet, 
and are underlain by the horizontal shales of the Pierre formation of late 
Cretaceous age. The Peaks are bordered, especially on the east, by a 
sloping platform that extends up to an altitude of nearly 10,000 feet. 
Towering above this platform is the main bulk of the mountain. On 
the platform is a coarse bouldery fanglomerate, consisting mainly of 
white porphyry. Some of the boulders are as much as 10 feet in diam- 
eter and at first sight suggest morainal deposits. This covering of allu- 
vium accounts for the local paucity of exposed dikes, as at the head of 
Santa Clara Valley. 

The ancient platform has been dissected to a depth of 500 feet by 
valleys, which extend to the foot of the mountain, but at a short dis- 
tance from the mountain they open out in to broad, shallow, park-like 
valleys. Three stages in the down-cutting are well shown north of La 
Veta. 

Conclusive evidence of glaciation was found at only one locality on 
the Spanish Peaks: on the north flank of West Peak. Here, there is a 
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small well-formed cirque, which was the first clue that suggested that 
West Peak had borne a small glacier during the Pleistocene. This evi- 
dence was confirmed by finding glacially smoothed and striated surfaces 
and a well-defined end moraine. The moraine is at an altitude of 11,000 
feet, and the ice appears not to have descended to a lower altitude. In 
the Pikes Peak region the lower limit of ice action was 9,500 feet. 


GENERAL GEOLOGY 
THE STRATIGRAPHIC COLUMN 


General features——The sedimentary rocks in the area in which the 
dikes and sills are principally exposed range from the Pierre shale of late 
Cretaceous age to the Huerfano formation of early Eocene, pre-Bridger 
age. They are chiefly sandstones and shales and aggregate 6,000 feet 
in thickness. As these rocks, especially the sandstones, which predomi- 
nate, are easily eroded, the dikes stand out as great walls, remarkable 
for their height and continuity. Although the walls occur throughout 
the area, they are most impressively displayed near La Veta, where 
stand the great walls that have become famous from their pictures in 
the Spanish Peaks folio. The longest wall, which is formed by a diorite 
porphyry dike only 10 feet thick, extends continuously for 6 miles and 
exceeds 100 feet in height for most of that distance (PI. 4, fig. 2). 


Pierre shale-—The Pierre shale underlies the vast extent of nearly level 
plain that stretches north, east, and south of Walsenburg. The beds are 
practically horizontal and consist of soft black shale of shelly fracture. 
On the whole, the formation appears to be sparsely fossiliferous, yet 
some of the dikes cutting it contain abundant shale xenoliths inclosing 
many fragments of Inoceramus, some of them of huge size. 

The Pierre shale is stratigraphically the lowest horizon in which the 
dikes and sills of the Spanish Peaks center are exposed. Some fossils 
were found during the present study at Huerfano Butte. They were ex- 
amined by Lynn W. Morrow, who reports: “Of the several species col- 
lected, one specimen is complete enough for specific identification. This 
species is a common Pierre form, Jnoceramus sagensis var. nebrascencis 
Meek. The other forms recognized are Helicoceras? sp., Lucina sp., and 
Inoceramus sp.” 

Trinidad sandstone-——A massive sandstone, 100+ feet thick, termed 
by Hills the Trinidad sandstone, rests upon the Pierre shale. It forms 
a continuous line of cliffs fronting the plains from Walsenburg 40 miles 
south to Trinidad. 


Vermejo formation.—Above the Trinidad sandstone is a series of coal 
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Taste 1—Summary of sedimentary formations in the Spanish Peaks area * 


Group and Thickness 
Age formation Character (feet) 
Eocene Huerfano Red sandstones, coarse con- | 1500+ 
formation glomerates, and deep reddish 


brown shales. 


Unconformity 
Eocene (?) Cuchara formation Massive sandstones and maroon 500 
silty clays. 


Cretaceous (?) | Poison Canyon Mainly coarse feldspathic sand- | 2000+ 
formation stone intercalated with shale. 
Conglomeratic and _ cross- 
bedded members are common. 


Raton formation Sandstone, shale, and coal beds. 794 
Base is marked by conglom- 
erate, 25 feet thick. 


—Disconformity 
Vermejo Sandstone, shale, and coal beds. 200 
Upper formation 
Cretaceous be Trinidad Massive feldspathic sandstone; 100 
3 formation prominent cliff-maker. 
= Pierre shale Soft blackish shale, with local | 1000+ 
thin lenses of limestone. 


* Based mainly on the work of R. C. Hills: Spanish Peaks, Colorado, U. S. Geol. Surv., folio 71 
(1901) 7 pages, 6 maps. G. B. Richardson: The Trinidad coal field, Colorado, U. S. Geol. Surv., 
Bull. 381 (1910) p. 379-390; W. T. Lee: Geology of the Raton mesa and other regions in Colorado 
and New Mexico, U. S. Geol. Surv., Prof. Pap. 101 (1917) p. 9-221. 


measures, which were mapped by Hills as “Laramie” and which were 
later subdivided by Lee into the Vermejo formation, of Montana age, 
and the Raton formation, thought to be of Eocene age. 

The Vermejo formation consists of coal-bearing sandstones and shales, 
chiefly of fresh-water origin. It is 200 feet thick at Walsenburg and in 
the valley of Santa Clara Creek, one of the chief streams draining the 
east flank of the Spanish Peaks.* 

The sandstones are prevailingly tawny in their natural exposures, but, 
as shown in artificial deep cuts along the banks of the Cuchara River, 


1W. T. Lee: Geology of the Raton mesa and other regions in Colorado and New Mexico, U. 8. Geol. 
Surv., Prof. Pap. 101 (1917) p. 9-221. 
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they are ash-gray or white in their unoxidized state. Sandstone from 
this cut is homogeneous, fine-grained (0.3 millimeter), feldspathic, and 
has numerous flakes of biotite and muscovite. Microscopically, it is seen 
that microcline and microperthite, much of it clear as quartz, predominate 
over quartz, that the biotite ranges from unweathered to bleached, that 
fragments of microlitic voleanites occur, and that the cement, 15-20 per 
cent by volume, consists of calcite. This petrographic evidence should 
make one cautious about accepting the idea that the Vermejo formation 
was laid down during a peneplaned condition of the Rocky Mountain 
region.” 

The Vermejo formation, of late Cretaceous (Montana) age, contains 
a swamp flora of 108 species. 


Raton and Poison Canyon formations.—Above the Vermejo formation 
are 2000 feet + of coarse feldspathic sandstones, locally conglomeratic. 
The lower portion, which is rich in plant remains at Walsenburg, was 
called by Lee the Raton formation.’ It rests disconformably on the 
Vermejo, near the New Rouse coal mine on Santa Clara Creek, where a 
basal conglomerate is 25 feet thick. The Raton formation, according to 
detailed measurement by Lee,* is 794 feet thick at Walsenburg, and in- 
cludes nine beds of coal. 

Above it is the Poison Canyon, so named by Hills, but, because the 
plants in the Poison Canyon formation are indistinguishable from those 
in the Raton formation,’ Lee regarded the Poison Canyon formation as 
the upper, barren (non-coal-bearing) portion of the Raton formation,® 
which seems a reasonable interpretation. The Poison Canyon is re- 
markable for the bizarre forms developed during weathering. 

The Raton flora contains 148 species, which E. W. Berry pronounced 
to be “of Eocene age and slightly older than the Wilcox.”* The Raton 
flora has its closest affinity with the Denver flora,’ and, as the Denver is 
regarded as equivalent to the Lance formation,® which appears now to 
have been proved to be of late, if not latest, Cretaceous age,’® the Raton 
and Poison Canyon formations are probably of late Cretaceous age. 


2 Op. cit., p. 52. 

8 Op. cit., p. 139. 

4 Op. cit., p. 135-136; Pl. 16, A, shows a photograph. 

5 Op. cit., p. 139. 

6W. T. Lee: Raton-Brilliant, Koehler, New Mezico, Colorado, U. S. Geol. Surv., folio 214 (1922) 
p. 8. 

7W. T. Lee: Geology and paleontology of the Raton mesa and other regions in Colorado and 
New Merico, U. S. Geol. Surv., Prof. Pap. 101 (1922) p. 238. 

8F. H. Knowlton: The flora of the Denver and iated formati of Colorado, U. 8. Geol. 
Surv., Prof. Pap. 155 (1930) p. 9. 

®C. E. Dobbin and J. B. Reeside, Jr.: The contact of the For Hills and Lance formations, 
U. S. Geol. Surv., Prof. Pap. 158 (1929) p. 9-25. 

10 Charles Schuchert and C. O. Dunbar: Historical geology (1933) p. 396-397. 
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Cuchara formation—The Cuchara formation consists of thick-bedded 
pink arkosic sandstone and maroon silty clays. Its total thickness is 500 
feet. As organic remains have not been found in the formation, its 
precise age is uncertain but is regarded as early Eocene. 


Huerfano formation—The Huerfano formation ™ consists of massive 
sandstone, coarse conglomerate, and shale—all prevailingly of brownish 
red color. Its estimated maximum thickness is 1500 feet in the Span- 
ish Peaks area. It constitutes the principal mass of West Peak and 
extends, on the north flank, from the base to within 1000 feet of the 
summit. 

At the type locality on Huerfano River, 30 miles northwest of the 
Peaks, the Huerfano formation is 3,500 feet thick. Its deposition “ap- 
parently began near the end of Wasatch time and extended into early 
Bridger time” (middle Eocene). 


THE IGNEOUS MASSES 


The igneous geology of the Spanish Peaks region consists, in brief, 
of two stocks that cut through the late Cretaceous and early Eocene 
strata and are surrounded by an immense number of dikes and sills 
(Pl. 1). The stocks have broken through an asymmetric syncline, whose 
east limb is nearly horizontal and whose west limb is vertical or has even 
been overturned to the east so that locally it dips westward. Each stock 
is surrounded by a radial system of dikes. These systems extend around 
the full circumference of each of the stocks, and it is no exaggeration to 
say that the dikes radiate out with the regularity of spokes from a hub. 
It is an unforgettable sight to look down from the summit of West Peak, 
at 13,700 feet, and see the dikes extending as long continuous walls, mile 
after mile, throughout 360 degrees of arc. 

The stocks of the Spanish Peaks are, however, not isolated igneous 
masses in this part of Colorado. About 20 miles north of them is an- 
other Peak—La Veta, or Baldy as it is more affectionately known be- 
cause of its bare head of white porphyry—from which also radiates a 
symmetrical system of wall dikes; and a little farther north is Silver 
Mountain, from which also radiates an impressive series of wall dikes. 

In 1906, Cross ** described a petrographically unusual rock occurring at 
Two Buttes in the plains region 150 miles east of the Peaks. This rock 


uR. C. Hills: Op. cit., p. 2. 

12H. F. Osborn: Titanotheres of ancient Wyoming, Dakota, and Nebraska, U. 8S. Geol. Surv., 
Mon. 55, vol. 1 (1929) p. 75. 

18 Whitman Cross: Prowersose (syenitic lamprophyre) from Two Buttes, Colorado, Jour. Geol., 
vol. 14 (1906) p. 165-172. 
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would be termed minette by most geologists, but, as it fell into an un- 
named compartment in the CIPW system, Cross named it prowersose, 
after the county in Colorado in which it is found. It is very like some of 
the biotite lamprophyres of the Spanish Peaks region. 

Later, in 1915, Cross ** described in detail a series of dike rocks that 
had been collected by G. K. Gilbert and his assistants in mapping the 
Apishapa quadrangle, which is just east of the Spanish Peaks area. He 
found a large number of types that bore on some of the fundamental 
problems of petrology. The principal problem raised was one which the 
four authors of the Quantitative System had long been insisting was of 
great significance—namely, that magmas of identical composition can 
give rise to mineralogically dissimilar rocks—a feature, or phenomenon, 
that Lacroix in 1917 termed heteromorphism. Cross found that some 
of the rocks have as many as six chemical analogues; for example, a rock 
that he called augite vogesite was shown to be chemically identical with 
five other rocks of “notably different modes” and hence had been given 
very different names. Cross thought that the dikes in the Apishapa quad- 
rangle are extensions of those radiating from the Spanish Peaks center, 25 
miles away. This seemed a reasonable conclusion, but examination in the 
field suggests that, in reality, they have been derived from local centers of 
differentiation. Cross predicted that the Spanish Peaks would prove to 
be a rich field for detailed petrographic study; and the work on which 
the present paper is based has verified this prediction. 


THE STOCKS OF THE PEAKS 


General features—The Spanish Peaks, as already mentioned, comprise 
two stocks: East Peak consists of a composite stock of brilliant white 
porphyries, and West Peak consists of a stock of syenodiorite, much 
smaller, however, than the porphyry stock. 

These stocks cut through sedimentary rocks somewhat east of the axis 
of a broad shallow syncline; on the east, the strata dip westward toward 
the East Peak stock at 5 degrees, or less, whereas, on the west, they are 
steeply tilted eastward and locally are vertical and even overturned, 
as is well shown by the prominent “wall” of Dakota sandstone. Con- 
tacts of the igneous rocks with the sedimentary beds are, in general, 
poorly exposed, because of the enormous slopes of coarse talus blocks. 
It is clearly apparent, however, that the injection of the East Peak stock 
mechanically disturbed the surrounding strata, and superposed on the 
broad synclinal structure a very imperfect quaquaversal doming on the 


14 Whitman Cross: Dike rocks of the Apishapa quadrangle, Colorado, U. S. Geol. Surv., Prof. 
Pap. 90 (1914) p. 17-31. 
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north, east, and south. The contact is not smooth, but is highly irregular, 
as is indicated in the Spanish Peaks folio by Hills’ skillful mapping. 
The strata surrounding the stock of West Peak are practically hori- 
zontal. 

The East Peak stock consists of (1) white granite porphyry, crowded 
with phenocrysts of quartz and feldspar, and (2) granodiorite porphyry, 
which is intrusive into the granite porphyry (and not grading into it, as 
Hills thought). The granodiorite porphyry at its contact with the 
granite porphyry carries conspicuous phenocrysts of feldspar, not ex- 
ceeding 1 centimeter in diameter, in a light-gray aphanitic groundmass; 
but, in general, the groundmass is small in amount and at the summit 
of East Peak is so scarce that the rock there is practically of plutonic 
habit. 

The West Peak stock, although much smaller than that of East Peak, 
consists of plutonic rock of several facies of syenodiorite. The summit 
of West Peak is a pyroxene syenodiorite, and the coarsest facies makes 
up the long ridge, or arréte, extending east from the summit: the rock 
at about 13,000 feet altitude is a syenodiorite of 5- to 10-millimeter grain 
size. 

The metamorphism exerted by the East Peak stock is feeble on the 
east flank of the peak, for shales that touch the porphyry are not per- 
ceptibly altered, but in the area between the two peaks there is much 
hard blocky hornfels. It is a blackish cordieritic hornfels, formed by 
the metamorphism of an arenaceous shale, in which clastic grains of 
quartz have remained unaffected. 

Dikes are few in the East Peak stock, only three thin amygdaloidal 
dikes, 4 feet thick at most, having been found. The one examined micro- 
scopically proved to be a trachydolerite carrying sparse phenocrysts 
of augite. The syenodiorite stock of West Peak, however, is cut by many 
dikes of porphyry, and these dikes, as well as the syenodiorite, are in 
places cut by numerous thin dikes of dark purplish biotite trachyte. 


Granite porphyry—tThe prevalent rock of the East Peak stock is a 
white granite porphyry, a fine example of its kind (Loc. I, Pl. 1). It 
consists of abundant phenocrysts of feldspar and quartz, which, together 
with a little hornblende and biotite, are set in a sparse, finely phanero- 
crystalline groundmass, about 25 per cent in bulk. 

Under the microscope, the feldspar phenocrysts prove to be oligoclase 
(An.;) and anorthoclase (2V moderate; extinction = 2° on 001 and 11° 
on 010, and y = 1.531). On the basis of the chemical analysis of the 
rock and the determined composition of the oligoclase, the composition 
of the anorthoclase must be Or,; Ab;;. The biotite, despite the Laramide 
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or post-Bridger age of the granite porphyry in which it occurs, shows 
radiohalos. The phenocrysts are embedded in a panidiomorphic ground- 


TaBLE 2.—Biotite-hornblende granite porphyry 
(George Steiger, analyst) 


ine 13.74 28.02 di........ 86 
US 4.39 96.08 hm....... 16 
bash esses 4.52 

100.53 


mass of plagioclase, microperthite, and subhedral quartz, with accessory 
sphene (relatively abundant), magnetite, apatite, and zircon. 

Its symbol in the CIPW system is I.4.1.4. The porphyry thus falls 
into the subrang kallerudose, a subrang represented by 86 analyses in 
Washington’s tables.1> The Niggli values are almost identical with those 
of the average engadinite-granite magma-type. 


Granodiorite porphyry—The porphyry that comprises the younger 
member of the East Peak stock is an augite-biotite granodiorite porphyry 
(sp. gr. 2.62). At the summit of the Peak it is practically of plutonic 
habit, the sparse ferromagnesian content giving it somewhat of a pepper- 
and-salt appearance. Under the microscope, abundant phenocrysts of 
oligoclase (Anos), with lesser anorthoclase, augite, and biotite, are seen 
in a matrix that is essentially a sparse cement of micropegmatite and 
quartz and accessory magnetite, apatite, zircon, and allanite. The 
fabric is best described as seriate. 

As the granodiorite porphyry is obviously more basic than the granite 


15H. 8. Washington: Chemical analyses of igneous rocks published from 1884 to 1918, inclusive, 
with a critical discussion of the character and use of analyses, U. S. Geol. Surv., Prof. Pap. 99 
(1917) 1201 pages. 
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porphyry, special effort was made in the field to determine its relation 
to the granite porphyry. At the contact found on the east side of the 
Peak at about 11,000 feet altitude the granodiorite porphyry was chilled 
against the granite porphyry and developed a conspicuously porphyritic 
border facies carrying feldspar phenocrysts scattered through an abun- 
dant light-gray aphanitic groundmass. The sequence of intrusion of the 
porphyries in the East Peak stock is, therefore, the reverse of the normal 
order. 

Pyroxene Syenodiorite of West Peak.—The stock of West Peak con- 


sists of medium-grained and coarse phanerites (“plutonic rocks”) of 
dioritic aspect. It is cut by many porphyry dikes, in this respect being 


TABLE 3.—Analysis of pyroxene syenodiorite 
(George Steiger, analyst) 


12 

100.48 
2.74 


CIPW symbol IT. 5.2.4 

unlike the stock of East Peak. A dark purplish biotite trachyte (sp. 
gr. 2.59), characterized by phenocrysts of anorthoclase and biotite, is 
common along the crest, intrusive into both the diorite and the porphyry 
dikes; it is not found elsewhere in the area. Roof-pendants or xenoliths 
of metamorphosed sedimentites are common also along the crest. 

The coarsest phanerite, found at 13,000 feet above sea level, on the 
long arréte that extends eastward from the summit of West Peak, is a 
syenodiorite of 5- to 10-millimeter grain size. It consists of a zoned 
plagioclase, ranging from An,; in the cores to An.; on the margins, ortho- 
clase, augite largely uralitized and locally riebeckitic, and biotite. Nota- 
ble in a rock so young are the well-developed pleochroic halos in the 
uralite. 
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Syenodiorite from the summit of West Peak (altitude 13,623 feet) was 
taken for chemical analysis (Loc. III, Pl. 1). It is of medium-grain, 
and, although some of the plagioclase is 15 millimeters long, nothing 
resembling 2 porphyritic texture is developed. It consists essentially of 
oligoclase (Anso), augite, hypersthene, red biotite, anorthoclase, and inter- 
stitial quartz in minor amount. Abundant iron ore and apatite and zir- 
con are the accessory minerals. Although the chemical analysis shows 
unusually high content of titania, there is no sphene. The plagioclase 
and alkali feldspars are clear and glassy and are difficult to discriminate 
quantitatively, but the high potash shown by the chemical analysis 
proves that the alkali feldspar is present in considerable amount, which, 
in part at least, is anorthoclase, as shown by its obscure multiple twin- 
ning and moderate axial angle. The oligoclase contains numerous in- 
clusions of alkali feldspar in the form of sharp rectangles, as seen in thin 
section. The fabric is between hypidiomorphic and xenomorphic granu- 
lar, the hypersthene being most nearly euhedral. The rock is, therefore, 
a biotite-hypersthene-augite syenodiorite or, in abbreviated form, a 
pyroxene syenodiorite (or pyroxene monzonite). 


MICROGRANITE OF NORTH, MIDDLE, AND SOUTH PEAKS 


A stock or series of stocks, west of the West Spanish Peak, forms 
the ridge overlooking Cuchara Camp; the culminating points on this 
ridge are called North, Middle, and South Peaks. It is impressive to 
see from the summit of North Peak how the great dikes radiate from 
West Spanish Peak and extend westerly to Chaparral Creek, but none 
cuts the great north-trending wall of Dakota sandstone that stands 
just west. The intrusive mass (or masses) of North, Middle, and South 
Peaks appears to have formed an impenetrable barrier for the dikes. 

Microgranite (sp. gr. 2.54) from the summit of North Peak is white, 
obscurely porphyritic, and of aplitic appearance, though carrying some- 
what more finely disseminated mafites than normal aplite. The obscure 
phenocrysts prove to be plagioclase (Anso); the dark minerals are horn- 
blende and biotite; and the groundmass is a microgranitic aggregate of 
feldspar and abundant quartz. 

The microgranite suggests, by its petrographic character, that it was 
probably formed from a magma of the same composition as that which 
formed the granite porphyry of the East Spanish Peak stock. 


THE DIKES 
GENERAL FEATURES 


The dikes, as already mentioned, number 500 or more. They radiate 
from the stocks; each stock acted in some degree as an independent 
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center, thereby causing some of the dikes to intersect in the overlapping 
portions of the two dike aureoles (Pl. 5). Considering the entire area 
that surrounds the stocks as the dike aureole of what can be termed 
the Spanish Peaks center of intrusion, one sees in the field that the 
dikes as a whole are equally spaced through 360 degrees of are. On 
the map, this is not wholly apparent, inasmuch as many of the dikes 
in the western part of the aureole are not shown, because they have not 
been traced in the fie!ld, owing to lack of suitable base maps. 

Although many of the dikes radiate from the stocks, literally like 
spokes from a hub, many others, although conforming to the radial 
arrangement, begin at distances of several miles from the stocks, as 
is more specially described for certain examples, such as the Walsen 
dike (p. 1764). They were probably injected from local magma reser- 
voirs, satellitic upon the presumably main reservoir at the Spanish Peaks 
center. The inference that there were local magma reservoirs is strength- 
ened by the fact that vertical plugs, such as the gabbro of Huerfano 
Butte, the syenogabbro plugs east of Walsenburg, and others, perforate 
the Pierre shale at considerable distances from the Peaks. 

The dikes clearly extend many miles farther east than westward. Part 
of the explanation of this difference, as already suggested, is that the 
stock of microgranite lying west of West Peak acted as a barrier in that 
direction. Another feature brought out by the mapping is that many 
of the dikes, especially those in the southeast quadrant, as they are traced 
away from the Peaks, tend to bend around into an east-west course. 
Possibly, the cause for this swinging around to an east-west direction 
is that the forces that, near the stocks, produced the radial fissuring, 
opened up, at a greater distance from the stocks, the latent tension fis- 
sures produced during the compression that had folded the sedimentary 
beds into a broad syncline before the stocks were injected—1. e., the dikes 
availed themselves of latent tension breaks across the axis of the fold. 

Most of the dikes are vertical, and few dip less than 80 degrees. The 
dikes range from those that are 2 feet thick to those 60 feet thick. In 
the predominantly sandstone formations above the Pierre shale, the 
dikes are essentially rectilinear and have parallel walls. Changes in 
thickness are gradual, as in the Walsen lamprophyre dike, which ranges 
between 10 and 50 feet, as described on page 1764. Abrupt bulges in 
any of the dikes are rare. Some of the dikes, where inclosed in the 
Pierre shale, have split up in irregular fashion; for example, a dike that 
is single in the overlying formations is split, in the underlying shale, 
into half a dozen dikes, which send off irregular apophyses and short 
sills into the horizontal beds, with the result that much shale is com- 
mingled with the igneous rock. Such dikes give very unlike cross-sections 
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on opposite sides of large railroad cuts, as along the Colorado and 
Southern, south of Walsenburg. 


OCELLAR AND AMYGDALOIDAL HABITS 


Petrographically the dikes comprise a rich variety of types: granite 
porphyry and allied silicic diorite porphyries, microsyenodiorite, tesche- 
nite, shonkinite, biotite lamprophyres (minette, augite minette, and 
biotite-augite vogesite), camptonitic lamprophyres (olivine fourchite, 
monchiquite, and camptonite), augite syenodiorite porphyry, trachydo- 
lerite, and basalt are some of those recognized. Many of these are 
amygdaloidal, and some are ocellar. 

Notable features of the amygdaloidal development are the great ver- 
tical range (5000 feet), the diversity of petrographic types in which 
it is found, and its presence even in rocks of phanerocrystalline grain. 
Amygdules are found in the trachybasalt dikes that cut the granite 
porphyry of East Peak at 11,000 feet altitude and in trachydolerite 
dikes cutting the Pierre shale at 6000 feet altitude. The amygdules are 
restricted to the margins of some of the dikes; in others, they occur across 
the full width. 

Notable is the fact that amygdules have formed in augite syenodiorite 
porphyry, which is certainly genetically related to the intrusion of the 
Spanish Peaks stocks. Some of the basaltic amygdaloids, however, may, 
or may not, belong to a much later period of intrusion; but, even so, 
the vertical range throughout which amygdules have formed indicates 
that vesiculation took place through a range of at least 5000 feet. 

Ocelli are remarkably well-developed in some of the analcitic dikes, 
chiefly in the teschenites, and some of the lamprophyres. They consist 
of sharply defined spherical and ellipsoidal aggregates of alkali feldspar 
and analcite, with minor biotite, hornblende, and pyroxene, generally 
aegirinic (p. 1752). They appear to be gas cavities that opened during 
the late stages of magmatic solidification and hence became filled with 
the late-crystallizing pyrogenic minerals. 

British geologists attach great importance to the presence of ocelli 
as a field aid in distinguishing lamprophyres from apparently similar 
rocks, but this seems a dubious criterion. Ocelli in lamprophyres appear 
to have first been mentioned by Brégger,’* who found ocelli (round spots, 
2-3 millimeters in diameter, consisting largely of feldspar) in heumite, 
the heteromorphic form of monchiquite. They were described as com- 
mon in camptonites of the Orkneys, by Flett,17 who regarded them as 
formed “by the accumulation of globules of the still molten liquid magma 


16 W. C. Brégger: Das Ganggefolge des Laurdalits (1898) p. 105. 
a7 J. S. Flett: The trap dykes of the Orkneys, Royal Soc. Edinburgh, Tr., vol. 34 (1900) p. 883. 
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at a late period in consolidation”—a mode of expression that suggests 
the idea of liquid immiscibility. In a later account of the same dikes, 
however, he says that the prevailing idea is that the ocelli represent 
steam cavities filled by the last crystallizing pyrogenic minerals. In 
many ocelli, there remained a central residual cavity, which became filled 
with carbonates or analcite.1* Thus, ocelli appear to record the transi- 
tion from the late magmatic stages of solidification to the post-magmatic 


activities. 
CONTACT METAMORPHISM BY THE DIKES 


The contact-metamorphic effects of the granite porphyry and other 
silicic dikes are feeble or imperceptible, and this feebleness is regardless 
of the thickness of the dikes. The basic dikes, including the lampro- 
phyres and shonkinites, generally have caused pronounced effects, indu- 
rating even sandstones to firm, tough rocks. Cordierite and biotite are the 
new minerals formed in the cements of these rocks, and, in places, colum- 
nar structure has been induced in the adjacent sandstone. Many of the 
basic dikes weather down to ditches, and were first found in the field 
by means of the walls of indurated sandstone that inclose them. 

The extent of the metamorphism, however, is not proportional to the 
thickness of the basic dikes. An olivine fourchite dike only 3 feet thick 
exerted a notable amount of metamorphism, and the “conglomeratic” 
minette, described on page 1763, 5 feet thick, has produced far more 
conspicuous effects than have many larger dikes. In fact, the capricious- 
ness of the metamorphic effects is an outstanding feature of the field 
as a whole, and is probably governed in some obscure way by the ease 
of escape of volatile matter from the solidifying dike or the amount 
of water circulation that prevailed in the adjoining sandstones, which 
might cause unfavorable conditions, somewhat as a water-jacket does 
in a blast furnace, by keeping the sandstones cold up to the very edge of 
a dike. Probably a correlative feature is the differing grain-sizes that 
have developed in different portions of one and the same dike, as de- 
scribed for the Pictou dike (p. 1759), which in places is centrally a coarse 
phanerite, whereas in other places it is an aphanite from wall to wall. 


PETROLOGY OF THE DIKES 
GRANITE PORPHYRY AND ALLIED DIKES 
Granite porphyry dikes occur in the dike aureole but are relatively 
scarce. They represent injections probably nearly contemporaneous with 
the intrusion of the stock of East Peak and of nearly the same composi- 
tion. They form thick dikes, as much as 60 feet thick, but they do not 


18 J, S. Flett: The geology of the Orkneys, Geol. Surv. Scotland, Mem. (1935) p. 176. 
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extend as far from the stock as do the basic dikes. They differ from the 
granite porphyry of the stock in having aphanitic groundmasses and, 
therefore, should more logically be called rhyolite porphyries; also, it is 
noticeable that they contain few or no quartz phenocrysts, which are 
abundant in the porphyry of the stock. The specific gravities run low, 


TaBLe 4.—Analysis of granite porphyry 
(R. B. Ellestad, analyst) 


.96 
.85 
2.14 

100.05 


ranging from 2.45 to 2.52, indicating a porous or miarolitic development. 
The lowest, on porphyry from a great wall dike in Hicks Canyon, in- 
creased, after 24 hours immersion in water, to 2.56, proving that the 
porosity is at least 4.3 per cent. 

Intersections with other dikes are few. Consequently, the intersection 
of the 30-foot rhyolite porphyry dike on the South Fork of the Trujillo 
by an augite syenodiorite porphyry dike is particularly important; it in- 
dicates that the granite porphyry dikes were injected early in the period 
of igneous activity. This particular rhyolite porphyry contains abun- 
dant phenocrysts of sanidine and albite (Abs An), and, unlike the other 
porphyries of this kind, has many phenocrysts of quartz. The ground- 
mass is spherulitic. 

The best known granite porphyry dike (Loc. II, Pl. 1) forms the bold 
outcrop called the Devil’s Stairway, southwest of La Veta (Pl. 3). It 
is 30 to 40 feet wide, but has bulged at the Devil’s Stairway to 60 feet. 
The porphyry is grayish white and contains many small feldspar pheno- 
erysts, minute biotite plates, and sporadic quartz crystals in an aphanitic 
groundmass. Under the microscope, the feldspar phenocrysts are found 
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to be mainly oligoclase (Ans) and some orthoclase. The biotite is 
largely altered. The groundmass consists chiefly of alkali feldspar, in 
part in micrographic intergrowth with quartz. The miaroles are filled 
chiefly with zeolite. Calcite and epidote are secondary products. 

The chemical analysis of the rock of this dike is much like that of the 
granite porphyry of the East Peak stock. 

In addition to the granite porphyry dikes, there are various silicic 
diorite porphyry dikes. They appear to correspond in chemical composi- 
tion with the granodiorite porphyry—that is, with the younger member 
of the composite stock of East Peak. On the basis of their phenocrysts, 
biotite diorite porphyry and biotite-augite diorite porphyry have been 
distinguished. 

The finest representative of the biotite diorite porphyries is dike 53 
(sp. gr. 2.56), on the headwaters of Bear Creek; it is characterized by 
abundant sharp hexagonal plates of biotite, 3 millimeters across, and 
more numerous phenocrysts of plagioclase (An.5) set in a gray aphanitic 
groundmass. 

The extraordinary wall dike that can be seen from the Wahatoya road 
(Pl. 4, fig. 2) consists of biotite-augite diorite porphyry (sp. gr. 2.57). 
All these porphyries are so much altered that further chemical and micro- 
scopic study was inadvisable. 


MICROSYENODIORITE 


Dikes of microsyenodiorite are few, only two or three having been 
recognized. The most prominent, however, forms one of the largest, most 
continuous walls in the region, extending from Bear Creek southeastward 
to Santa Clara, where it becomes a sill, as shown on Hills’ map. It is 
unique in that it is cut by four petrographically different dikes: (1) 
augite syenodiorite porphyry, (2) microsyenite, (3) shonkinite, and (4) 
teschenite. 

The type microsyenodiorite dike is well exposed where it crosses the 
road on Bear Creek, from which locality (Loc. V, Pl. 1) was taken the 
specimen that was chemically analyzed. The dike is there 20 feet thick, 
but southward it increases to 30 feet; its dip is 70° SW. An extra- 
ordinary feature is its uniformly constant fine grain from wall to wall. 
The rock is gray-green, finely phaneric or microcrystalline, and carries 
sporadic phenocrysts of augite and hornblende. Under the microscope, 
it is seen to consist largely of tabular subhedral potash oligoclase 
(y = 1.542 and a = 1.534) showing somewhat obscure polysynthetic 
lamellation, with suggestion of microcline twinning when viewed with an 
oil-immersion lens. Interstitial soda-orthoclase (y = 1.530 and « = 
1.525; extinction 10° on sections perpendicular to the acute bisectrix) is 
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fairly common. Titanaugite, with hour-glass structure and 2V near 0°, 
biotite, which is later than the oligoclase, magnetite, and apatite are the 


Taste 5.—Microsyenodiorite and Allied Rocks 
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“halo” around the biotite and in part is derived from the augite. A 


Rosiwal measurement gave the following volume composition: 


I II Ill 
13 .08 .10 
99.96 100.16 100.48 
2.67; computed from the norm it is 2.74 
Norm of microsyenodiorite 
2.52 Mt....... 5.80 
— Il......... 2.43 
76:48 “AAD... 2.02 
22.61 
CIPW symbol II.5.2.4. 
I.—Microsyenodiorite; Bear Creek. R. B. Ellestad, analyst. 
II.—Augite syenodiorite porphyry; Bear Creek. George Steiger, analyst. 
III.—Pyroxene syenodiorite; summit of West Spanish Peak. George Steiger, analyst. 
heavy minerals. A chlorite resembling biotite is secondary in part as a 
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Augite 8.7 
a Biotite 4.9 
Magne 6.5 
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The chemical analysis shows that the microsyenodiorite has the geo- 
chemical features characteristic of the Spanish Peaks area—namely, high 
K,0, TiO., P.O;, SrO, and BaO. For comparison, the analyses of the 
two rocks chemically most similar to the microsyenodiorite are given. 
That of the augite syenodiorite porphyry from the dike on Bear Creek 
cutting through the microsyenodiorite is, in fact, nearly identical, 
although the rocks are highly dissimilar in appearance. 


THE LAMPROPHYRE CONCEPT 


The prevalence of lamprophyres in the Spanish Peaks region makes 
necessary some preliminary discussion of what is meant by a lampro- 
phyre. Further discussion is given under the description of the minettes 
and camptonites and the redefinition of the term fourchite. 

The lamprophyre concept was formulated by Rosenbusch in the second 
(1887) edition of the Mikroskopische Physiographie. The lamprophyres 
were included in the class of dike-rocks (Ganggesteine), and this class 
was given coordinate rank with the plutonic and the effusive rocks. 
Brogger *° regarded the concept of dike-rocks as of great value and the 
result of penetrating insight, but in this opinion he disagreed with Los- 
sen, Roth, Michel-Levy, Iddings, and Zirkel, who held that the class 
“Ganggesteine” was superfluous and unfounded. 

The essence of the lamprophyre idea was not that they occur as dikes 
and sills (= Lagergiinge), but that each lamprophyre type is dependent 
in composition and spacial occurrence on a particular type of deep-seated 
rock, “without which it could not have been.” Particularly impressive is 
the account given in the description of the type monchiquite, “a camp- 
tonitic dike-rock in the retinue of the nepheline syenites,” ?° concerning 
the prediction that lamprophyres would be found at Alno and elsewhere 
and the subsequent discovery of the expected types. Kemp”! was in- 
clined to believe that finding camptonites and monchiquites on the shores 
of Lake Champlain indicated the presence of an underlying mass of 
nepheline syenite. 

In the third (1910) edition of the Elemente der Gesteinslehre, Rosen- 
busch set up the class of lamprophyric effusive rocks, thereby confirming 
Iddings’ 2? contention that lamprophyres occur also as surface flows. 


19 W. C. Brogger: Die Grorudit-tinguaitserie (1894) p. 123. 

2M. Hunter and H. Rosenbusch: Uber Monchiquit, ein camptonitisches Ganggestein aus der 
Gefolgschaft der Elaeolitsyenite, Tschermak’s Min. Petrog. Mitt., Bd. 11 (1890) p. 445-466. 

21 J, F. Kemp and V. F. Marsters: The trap dikes of the Lake Champlain region, U. 8S. Geol. 
Surv., Bull. 107 (1893) p. 36. 

22 J, P. Iddings: The origin of igneous rocks, Philos. Soc. Wash., Bull. 12 (1892) p. 167-178. 
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In 1902, the Geological Survey of Great Britain recognized lamprophyric 
lavas in Devon.”* 

Beger,”* in his monograph on the lamprophyres, thinks that it was a 
mistake on Rosenbusch’s part to set up the group of lamprophyric effu- 
sives and that the term lamprophyre should be restricted to the after- 
births of plutonic rocks. | 

The practical question now arises as to what are the criteria by which 
the various lamprophyres can be recognized. It is astonishing how mis- 
leading many of the standard texts are. For example, Harker,?* in ex- 
plaining Rosenbusch’s distinction between vogesite, camptonite, and spes- 
sartite, says that the name camptonite is “restricted to the more melano- 
cratic of the hornblende-plagioclase lamprophyres, the more felspathic 
being designated spessartite.” In reality, “camptonite” is restricted to 
lamprophyres in the dike-retinue of nepheline syenites and allied rocks, 
and is characterized mineralogically by the presence of barkevikite, or 
titanaugite, or both; “spessartite,” on the other hand, is restricted to 
lamprophyres in the dike-retinue of subalkalic granites and diorites, and 
they contain common hornbiende, or augite, or both. The problem still 
unsettled is whether a lamprophyre as defined petrographically is in- 
variably linked genetically with plutonic rocks of a definite composition, 
as thought by Rosenbusch. It is worth while to recall that Brégger held 
that camptonites derived from an essexite magma are practically identi- 
cal with those derived from nepheline syenites. Such a dual origin, he 
held, is of great importance for the theory of magmatic differentiation, 
for it shows that rocks of identical chemical and mineral composition 
have formed from very different parent magmas. This generalization, 
apparently an inductive generalization, appears improbable if Bowen’s 
theory of crystallization-differentiation is the true explanation of the 
diversity of igneous rocks. Brégger ** further found that his bronzite 
kersantite is intermediate between monchiquitic and kersantitic dike 
rocks, thus contrary to Rosenbusch’s tenet that there are no transitional 
rocks between the minette-kersantite-spessartite series and the camp- 
tonite-alnoite series. Other such discrepancies between theory and actual 
mode of occurrence have been recognized. Among the more recent, 
Beger *” found camptonites in the dike-cortege of the Lausitz pluton, 
which consists of subalkalic granodiorite and granites. This anomalous 


23W. G. Tidmarsh: The Permian lavas of Devon, Geol. Soc. London, Quart. Jour., vol. 88 
(1932) p. 717. 

%P. J. Beger, in P. Niggli: Gesteins- und Mineralprovinzen (1923) p. 439. 

3 A. Harker: Petrology for students (1923) p. 137. 6th ed. 

% W. C. Brégger: Das Gangegefolge des Laurdalits (1898) p. 81. 

Pp. J. Beger: Typenvermischung im lamprophyrischen Gangegefolge des Lausitzer Granits, Ber. 
KGnig. Sichsischen Gesell. Wiss. Leipzig, Mat.-Phys. Kl., Bd. 65 (1913) p. 352-386. 
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Figure 1. Dike anp West SpanisH PEAK | 
Course of “‘ditch dike’’ (extreme left) marked by parallel walls of indurated sandstone. (Photo by 
J. G. Chapman) 


Figure 2. DIKE AS SEEN FROM THE WEST 
(Photo by T. S. Lovering) 
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occurrence has deen ingeniously explained by Tréger.** His argument 
runs thus: In Atlantic rocks, titanium enters into the composition of the 
mafites at si = 150, whereas in Pacific rocks it goes into the mafites when 
si = 100. The lamprophyres of the Lausitz mass are the first found in 
which si < 100; consequently, they should contain titanaugite and titanif- 
erous alkalic hornblendes. This they do. Hence, it cannot be claimed 
that there is a mixture of types in the Lausitz retinue. However, this 
solution seems to make the problem largely a matter of terminology, for 
the obdurate fact remains that rocks typically camptonitic in chemical 
and mineral composition are found in the dike-retinue of a sovereign 
subalkalic intrusive mass. 

What are the inherent petrographic features of the lamprophyres? Ac- 
cording to Rosenbusch, the lamprophyres are predominantly porphyritic, 
but many are approximately aphanitic. Ferromagnesian minerals com- 
prise the phenocrysts; feldspars are rare, and may in part be xenocrysts. 
The aphyric lamprophyres have a panidiomorphic texture: not only the 
oldest minerals but also the youngest (the feldspars) are thoroughly idio- 
morphic. This idiomorphism of all the constituents necessarily deter- 
mines a miarolitic habit. The miaroles may later become filled, and it 
may be difficult to determine whether or not this filling is secondary.”® 

Early in the development of the lamprophyre concept, difficulties in 
separating many basalts from lamprophyres became evident. Cross, in 
fact, includes the basalts among the lamprophyres; to him, “lampro- 
phyre” is “an unsystematic term.” °° An able discussion of the problem 
of distinguishing camptonites from other thoroughly basic types is given 
in the Mull memoir.** 

In the classification of igneous rocks by Lacroix,*? the lamprophyres 
and basalts are regarded as heteromorphic forms of identical chemical 
composition, the one, pneumatogene, and the other, pyrogenic. The 
lamprophyres are characterized by the predominance of the pneumato- 
gene minerals, hornblende and biotite, among the heavy minerals. This 
predominance of the pneumatogene minerals gives them a “very special 
stamp.” They generally occur as dikes, rarely as flows (jumillite, selagite, 
orendite). If followed, the Lacroix proposals would severely limit the 
number of rocks included in the lamprophyres. 

The difficulties attendant in naming the lamprophyres can readily be 


%E. Tréger: Zur Typenvermischung bei Lamprophyren, Forstschr. Min. Krist. Petrog., Bd. 16 
(1931) p. 395-396. 

2H. Rosenbusch: Mikroskopische Physiographie, vol. 2 (1887) p. 315-316. 2d ed. 

% Whitman Cross: La Plata folio, U. 8. Geol. Surv., folio 61 (1899) p. 7. 

aE. B. Bailey, et al.: Tertiary and post-Tertiary geology of Mull, Geol. Surv. Scotland, Mem. 
(1924) p. 377-382. 

$A. Lacroix: Contribution @ la connaissance de la position chimique et minéralogique des 
roches éruptives de l’Indochine, Bull. Serv. géol. Indochine, vol. 20 (1933) p. 23, 185. 
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illustrated by a few examples. The Arrow Peak dike of the Highwood 
Mountains, Montana, was called by Pirsson the Highwood minette in 
the qualitative system and phyro-biotite cascadose in the CIPW sys- 
tem. The mode in volume per cents is as follows: 


45.4 
15.8 

100.0 


Logically, then, the rock cannot be called a minette, for the concept of 
minette was based on the dominance of biotite among the mafites. 
Rosenbusch * calls it an “orthoclase camptonite”; it differs from real 
minettes, he said, “in its high content of magnetite, the nature of its salic 
minerals, and the much poorer idiomorphism of its femic components.” 
But it does not meet Rosenbusch’s own criterion for camptonite—con- 
tent of titanaugite. Beger calls it orthoclase-leucite monchiquite. The 
best name for this rock would seem to be olivine-biotite-diopside lampro- 
phyre. 

The augite minette (Pirsson) of Sheep Creek, Little Belt Mountains, 
Montana, corresponds in chemical composition with Beger’s world aver- 
age minette.** Yet Rosenbusch ** says that the name minette for it “is 
not felicitously chosen,” and he regards it as a camptonite. The lampro- 
phyre from Franklin Furnace, New Jersey, carefully described by 
Iddings ** as minette, was renamed camptonite by Wolff.** It is a titan- 
augite lamprophyre, and, as it is admittedly genetically related to the 
nepheline syenite at Beemerville, the name camptonite is at least some- 
what more appropriate than minette. 

From the foregoing sketch of the growth of the lamprophyre concept, 
it would seem best, in the present state of knowledge, to use descriptive 
names, without genetic implications: in short, to adhere to a petrographic 
rather than a genetic classification. The term lamprophyre is used in 
this paper only for mesotype (= mesocratic) or melanocratic rocks 
carrying solely ferromagnesian phenocrysts in an aphanitic or micro- 


83 H. Rosenbusch: Mikroscopische Physiographie, vol. 2, pt. 1 (1907) p. 699. 

%P. J. Beger, in P. Niggli: Gesteins- wnd Mineralprovinzen (1923) p. 296. 

% H. Rosenbusch: op. cit., p. 697. 

% J. P. Iddings, in J. S. Diller: The educational series of rock specimens collected and distributed 
by the United States Geological Survey, U. 8. Geol. Surv., Bull. 150 (1898) p. 236-239. 

87 J, E. Wolff: Franklin Furnace folio, U. 8. Geol. Surv., folio 161 (1908) p. 13. 
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granular groundmass, and in which the ferromagnesian minerals in the 
groundmass show notable idiomorphism. 


TESCHENITES AND OLIVINE-TITANAUGITE LAMPROPHYRES 


Basic dikes rich in titanaugite and olivine are common in the region. 
Many carry biotite also, some abundantly, which is consonant with the 
potassic character of the province. Hornblende, however, is decidedly 
rare. They are of gabbroic, doleritic, basaltic, and camptonitic appear- 
ance, and their proper diagnosis requires microscopical and chemical aid. 

These dikes were injected in at least two pulses: one, before the intru- 
sion of the augite syenodiorite porphyry dikes, and the other, after the 
intrusion of those dikes. As the lamprophyres of the first pulse are mega- 
scopically and chemically like those of the second pulse of injection, 
there is no way of classifying a given basic dike as an “earlier” or “later” 


’ lamprophyre unless it cuts a dike of known age, which is rare. 


In the sense of Rosenbusch the olivine-titanaugite lamprophyres are 
members of the camptonite-monchiquite series. As very few of them 
carry hornblende (barkevikite) in notable amount, and as Cross, in his 
important paper on the dike rocks of the Apishapa quadrangle, Colo- 
rado,** describing the northeastward extension of the Spanish Peaks 
province, calls similar rocks olivine-bearing augite vogesites, some dis- 
cussion of nomenclature is necessary. 

The camptonite type was founded by Rosenbusch on the basis of two 
dikes at Livermore Falls on the Pemigewassett River, in the town of 
Campton, New Hampshire—dikes No. 2 and No. 5 of Hawes’ earlier 
paper.*® Dike No. 2 is 8 feet thick *° and consists of rock (sp. gr. 2.91) 
characterized by hornblende phenocrysts in a groundmass rich in acicular 
hornblende. Olivine and augite are absent or extremely rare. The horn- 
blende of the large phenocrysts in this dike was isolated by Lord ** and 
chemically analyzed: it proved to be closely like Brégger’s barkevikite 
from the augite syenite near Barkevik. The camptonite of dike No. 2 
is, therefore, a “pure” barkevikite camptonite. Dike No. 5 consists of 
rock (sp. gr. 2.94) characterized by phenocrysts that are chiefly titan- 
augite, but subordinately olivine (altered to bowlingite) and labradorite 
(Ang.), embedded in a groundmass of titanaugite, barkevikite, labra- 
dorite, and potassium feldspar. In general, petrographers consider domi- 
nance of alkali-iron amphibole essential to the camptonite concept. 


88 Whitman Cross: Dike rocks of the Apishapa quadrangle, Colorado, U. 8. Geol. Surv., Prof. 
Pap. 90 (1914) p. 17-31. 

39G. W. Hawes: On a group of dissimilar eruptive rocks in Campton, New Hampshire, Am. Jour. 
Sci., 38rd ser., vol. 17 (1879) p. 147-151. 

“The description here given is based on the writer’s visit to Livermore Falls, in 1935, and on 
specimens collected by L. V. Pirsson, in 1895. 

“1 E. C. E. Lord: On the dikes in the vicinity of Portland, Maine, Am. Geol., vol. 22 (1898) p. 343. 
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Went,*? discussing the nomenclature of the camptonite-monchiquite 
group, says a “hornblende-free rock can not be a camptonite.” Iddings’** 
formal definition of a camptonite is that it is “a lamprophyre with horn- 
blende in phenocrysts and in many small prismoids in the groundmass, 
Augite may be present, also biotite and olivine.” This definition does 
not distinguish a camptonite from a spessartite. Beger ** says that camp- 
tonites invariably contain barkevikite. Rosenbusch ** leaves one some- 
what in doubt as to what constitutes a camptonite: 


“According to the dominant colored constituent, there are distinguished biotite 
camptonites and biotite monchiquites, amphibole camptonites and amphibole mon- 
chiquites. They all contain variable amounts of titanaugite. Fourchites (J. Fr. 
Williams) are olivine-free amphibole and augite monchiquites. All these types grade 
imperceptibly into one another.” 


However, the type monchiquite, at kilometer 36 on the Santa Cruz 
Railroad, near Rio de Janeiro, is free of olivine;** consequently, olivine 
cannot be considered essential to the definition of a monchiquite. There- 
fore, fourchite, as defined by Rosenbusch, is practically a superfluous 
term. Williams’ essential idea in setting up the variety “fourchite” seems 
to have been that fourchite is a lamprophyre of the camptonite group 
in which titanaugite is the dominant mineral—‘about 75 per cent” in the 
type material, which supposedly once had a glassy groundmass, though 
now completely altered.*7 As few lamprophyres, quantitatively meas- 
ured, are found to have so high a content of mafites, it is rather the 
predominance of titanaugite that is essential to the concept. Such rocks 
have at times been called “pure augite camptonites,” but that designa- 
tion is far from self-explanatory. It is, therefore, proposed here to use 
the name “fourchite” for the lamprophyres in which titanaugite pre- 
dominates among the mafites, and “camptonite” for those in which 
barkevikite predominates. If they contain olivine also, they are called 
respectively “olivine fourchite” and “olivine camptonite.” 

Defined thus, olivine fourchites are common in the dike retinue of the 
Spanish Peaks stocks. They are found chiefly in the thinner dikes and 
as marginal facies of the thicker dikes, where they grade into teschenites. 
Some of the dikes outwardly resembling the dominant type of fourchite 
prove, on microscopical examination, to be identical with the camptonite 


42K. Went: Ueber einige melanokrate Gesteine des Monzoni, Sitz. ber. k. Akad. Wiss. Wien, 
Math. Nat. KI., Bd. 112, Abt. 1 (1903) p. 1-51. 

43 J. P. Iddings: Igneous rocks, vol. 2 (1913) p. 200. 

“Pp. J. Beger: op. cit., p. 236. 

 Rosenbusch-Osann: Elemente der Gesteinslehre (1923) p. 335-337. 

Verified on a specimen in the Yale collection (sp. gr. 2.70), collected by Eugen Hussak and 
O. A. Derby. 

“J. F. Williams: The igneous rocks of Arkansas, Ark. Geol. Surv., Ann. Rept., vol. 2 (1890) 
p. 107-110. 
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of dike No. 5 of the type locality in Campton, New Hampshire, which, 
in the nomenclature here used, is an olivine-hornblende fourchite. Camp- 
tonites in which barkevikite is the chief mafite are rare, the best example 
being a 3-foot dike in the canyon (South Fork of the Trujillo) between 
East and West Peaks. This camptonite (sp. gr. 2.82) has abundant 
phenocrysts of hornblende in slender prisms embedded in a fine-grained 
groundmass. These hornblendes have a well-defined orientation, being 
alined parallel to the walls of the dike and horizontal; the groundmass 
consists of plagioclase in thin tablets and of innumerable microlites of 
hornblende and augite in decussate arrangement. 

The fourchites are of basaltic and doleritic appearance, characterized 
by phenocrysts of augite and olivine, which is generally altered to a yel- 
low micaceous mineral (bowlingite?). A clue to their lamprophyric char- 
acter is afforded in the field by the presence in them of biotite in minute 
plates. They are found in all quadrants of the dike aureole, and as far 
east of Walsenburg as the road from Cuchara Junction to Rouse Junc- 
tion; in fact, the 25-foot dike exposed there, consisting of nearly ideally 
fresh biotitic olivine fourchite (sp. gr. 2.93), is one of the finest repre- 
sentatives of the fourchites. In it, the haiiyne, which is a more or less 
common accessory mineral in the fourchites of the Spanish Peaks area, 
is unusually well shown. 

Several of the dikes were examined in detail, and chemical analyses 
were made of representative material. The dike on Unfug Ridge, just 
south of Walsenburg, is 8 feet thick and consists of fresh rock. It is 
a heavy trap-like rock (sp. gr. 2.95), with many small phenocrysts of 
augite and olivine. The olivine makes up 11.2 per cent by volume; it is 
a magnesian variety (y = 1.700, « = 1.660). The augite, notable for 
its conspicuous hour-glass structure and strong dispersion, comprises 28.1 
per cent by volume and gives rise to a seriate porphyritic fabric in which 
even the smallest individual is euhedral; it is a titanaugite, with 
Zac = 52°. Both olivine and titanaugite contain inclusions of pico- 
tite, and the titanaugite contains also abundant apatite. Reddish biotite 
is a minor constituent—about 5 per cent—present in the groundmass 
chiefly as euhedral plates. The matrix inclosing the mafic minerals is 
colorless; it consists partly of plagioclase but mainly of anorthoclase 
crowded with apatite needles, in part skeletal and forked. Analcite is 
present in small amount. Some turbid isotropic matter, developed appar- 
ently at the expense of the feldspar, and zeolitic alteration products 
have formed to a minor extent. Iron ore is relatively abundant. The 
haiiyne indicated by the analysis is difficult to find, whereas in analogous 
rocks it is easily found because of its deep pigmentation and idiomorphic 
habit. 
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The chemical analysis of this olivine-titanaugite lamprophyre is given 
in Table 6. Its CIPW symbol is III.6.3.3, falling in the subrang ourose, 
which, in Washington’s tables,** contains five analyses, mainly leucite 
basanites. The Niggli values show that it corresponds closely to the 
average monchiquite.** 

Table 15 shows the close chemical correspondence between this olivine 
fourchite and other dikes of the Spanish Peaks area—between rocks so 
diverse as olivine trachydolerite, biotite-augite vogesite, and teschenite, 
and the olivine-biotite-augite gabbro of Huerfano Butte. 

This fourchite agrees closely in texture and in mineral and chemical 
composition with the olivine-titanaugite lamprophyre described from the 
Apishapa quadrangle, by Cross,®° under the name olivine-bearing augite 
vogesite, a resemblance the writer has verified by examining the type 
material, kindly loaned by the United States National Museum. In the 
Apishapa area, the northeast extension of the Spanish Peaks province, 
the olivine-titanaugite lamprophyres are particularly abundant. 

A biotite teschenite dike near the head of Bear Creek is one of the 
known oldest basic dikes. It is 18 feet thick and has exerted conspicuous 
heat effects on the adjacent sandstone of the Poison Canyon formation, 
having induced columnar jointing in the sandstone. It has a chilled 
border, 4 inches thick: a lamprophyric facies, or olivine fourchite. A 
specimen of this selvage was taken, as most likely to give the compo- 
sition of the magma at injection (Loc. XV, Pl. 1). It is a blackish 
aphanite, dotted with many small phenocrysts of olivine and augite, 
those of olivine being the most prominent. Toward the center of the 
dike, this porphyritic facies grades abruptly into a melanocratic aphyric 
phanerite (grain-size, 1-2 mm.) that obviously carries biotite. Ocelli 
are locally abundant, averaging 0.5 centimeter in diameter, but some 
attain 2 centimeters; they are composed of analcite (n = 1.490) and 
feldspar, with minor biotite and hornblende. The large spheroids and 
ellipsoids are particularly impressive and readily suggest the idea of 
having formed from immiscible globules of magma, but the explanation 
that they are ocelli, filled with the last-crystallizing pyrogenic minerals, 
appears to be the more reasonable. 

The lamprophyric border proves, under the microscope, to be essen- 
tially fresh. Large phenocrysts of olivine, some unaltered and others 
changed to bowlingite, and titanaugite (Z , c = 50°) are set in a 


48H. S. Washington: Chemical analyses of igneous rocks published from 1884 to 1913, inclusive, 
with a critical discussion of the character and use of analyses, U. S. Geol. Surv., Prof. Pap. 99 
(1917) p. 676-677. 

«Pp. J. Beger: op. cit., p. 358, 382. 

50 Whitman Cross: op. cit., p. 22. 
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groundmass largely made of augite prisms, with subhedral biotite and 
interstitial alkali feldspar. Analcite is interstitial in minor amount and 
fills small miaroles and ocelli, together with potassium feldspar and 


Taste 6.—Olivine fourchite and allied rocks 


I II TIT IV 
| 4.15 7.55 4.61 5.48 
6.13 6.65 5.74 7.84 
8.28 6.41 5.69 5.43 
10.80 14.15 10.59 9.36 
FeS, .56 
100.00 99.23 100.31 100.00 
.02 
99.98 


I.—Olivine fourchite; Bear Creek, Spanish Peaks, Colo. R. B. Ellestad, analyst. 
II.—Fourchite; Fourche Mountain, Arkansas. W. A. Noyes and R. N. Brackett, analysts. 
III.—Hornblende teschenite (camptonitic). Chemical Analyses of Igneous Rocks, Metamorphic Rocks 
and Minerals: Geol. Surv. Great Britain (1931) p. 92-93. Contains also 0.03 F and 0.03 (Ni, Co)O. 


E. G. Radley, analyst. 
IV.—Average camptonite (15 analyses), compiled by Osann. 
sporadic biotite. Pigmented haiiynepnosean is present as minute crystals, 
and magnetite and apatite are abundant. Spinel is inclosed in olivine. 
The rock is, thus, an olivine-titanaugite lamprophyre—a camptonite of 
the variety olivine fourchite. The chemical analysis is given in Table 6. 
The main portion of the dike, as already indicated, is a dark gabbroic 
rock whose only conspicuous, easily recognizable mineral is biotite. This 
rock is best called a teschenite (or analcite gabbro, which Tyrrell * 


51G. W. Tyrrell: Classification and age of the analcite-bearing igneous rocks of Scotland, Geol. 
Mag., vol. 60 (1923) p. 250. 
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gives as synonymous for rocks of this kind). Euhedral titanaugite is 
the dominant mafite; olivine and biotite are abundant. Brown horn- 
blende is, as a rule, a minor constituent but is abundant in the speci- 
men containing many ocelli. Abundant plagioclase (Angs); analcite 


Taste 7—Analyses of biotitic olivine- 
titanaugite lamprophyres 


(R. B. Ellestad, analyst) 


I II 

4.88 4.15 
6.40 6.13 
_ 223 | 8.07 
2.59 2.44 
2.95 2.24 
.10 .46 
26 .19 

99.91 100.00 


I.—Biotitic olivine-titanaugite lamprophyre 
(monchiquite), Bear Creek. Is a “ate lampro- 
phyre.” 

II.—Fourchitic selvage of teschenite dike, 
Bear Creek. Is an ‘early lamprophyre.”’ 


(roughly 10 per cent), occupying the angular interspaces between feld- 
spars, and apparently primary; and potassium feldspar comprise the 
colorless minerals; magnetite and apatite are accessory minerals. Some 
haiiyne is found in small crystals, some of which are idiomorphic against 
hornblende. 

The chilled border facies differs markedly from the interior, not only 
in fabric—aphanophyric as contrasted with equigranular phaneric—but 
also in mineral composition. Labradorite and hornblende, both of which 
are absent in the selvage, occur in the teschenitic interior, and biotite and 


3 
3 
2 
} 
| 
| 
| 
We 
4 
é 
a 
i : 


PETROLOGY OF THE DIKES 1755 


analcite are more abundant. The haiiyne, which accounts for the con- 
siderable SO, shown by the chemical analysis, is easily found in the 
teschenite but not in the lamprophyric selvage. The border and the 
interior differ notably in mineral composition, and consequently form a 
good example of heteromorphism. 

The biotite teschenite is like many other basic dikes in the retinue 
of the Spanish Peaks stocks, but it is the only one that is definitely 
proved to be older than the augite syenodiorite porphyry dikes. It is 
cut by a monchiquitic dike, which also cuts the augite syenodiorite por- 
phyry. This monchiquitic dike is a biotitic olivine-titanaugite lampro- 
phyre; in chemical composition, it is similar to the biotite teschenite. 
Therefore, it is evidence proving that basic dikes of nearly identical 
composition were injected both before and after the intrusion of the 
augite syenodiorite porphyry dikes. Consequently, there is no means 
of determining the age of any individual basic dike from its chemical 
and petrographic features. 

The monchiquitic lamprophyre (Loc. XVI, Pl. 1) is a black rock, 
carrying phenocrysts of olivine (partly altered to bowlingite) and augite 
and sporadic white spots of analcite(?). It has the suffused luster of 
rocks containing minute disseminated flakes of biotite. Under the micro- 
scope, the olivine is found to be a highly magnesian variety; titanaugite 
(Z , ¢ = 50°) in seriate arrangement is the major constituent, all of 
it euhedral from phenocrysts to the smallest individual. Deep-red bio- 
tite and magnetite are the other principal components. They are em- 
bedded in a colorless matrix, largely isotropic, though it contains some 
fan-shaped groups of alkali feldspar, probably anorthoclase. Analcite 
is present in small ocelli and as clear, limpid interstitial fillings between 
euhedral laths of alkali feldspar; probably, the main part of the turbid 
isotropic base of the rock is an alteration product of analcite. Apatite 
crystals with forked ends are common. The Rosiwal mode of the monchi- 
quite, in volume percentage, is as follows: 


Others (chiefly matrix)......... 47.0 

100.0 


TESCHENITE-TRACHYDOLERITE DIKE 
A teschenite dike that forms one of the longest prominent ridges in the 
region extends from Bear Creek to the Colorado & Southern railroad-cut 
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at the entrance to Santa Clara Valley. It intersects an augite syeno- 
diorite porphyry dike, and, therefore, it belongs to the younger series of 
basic dikes. 

This dike, averaging 15 feet in thickness, is remarkable because its 
contact selvages are monchiquite and because the teschenite at two locali- 
ties grades into an olivine trachydolerite facies. Thus, three diverse 
petrographic types are found within one and the same dike. In fact, 
the trachydolerite differs megascopically so markedly from the teschenite 
that the dike was inferred to be composite, the result of the injection of 
trachydolerite into a teschenite dike. It was re-examined in 1934 with 
this point in view. The exposures proved to be perfect and showed 
beyond doubt that the trachydolerite is a local facies of the teschenite, 
the result of heteromorphic variation, as confirmed by their similarity of 
chemical composition. 

The prevalent rock of the dike is a teschenite (Loc. XIII, Pl. 1): a 
blackish phanerite, finely gabbroic or coarsely doleritic, obviously bio- 
titic and olivinic; sporadically, it carries white vitreous patches of analcite 
(n = 1.49). The specimen, for which the analysis is given, consists 
of titanaugite showing the usual hour-glass structure, biotite, olivine, 
hornblende, labradorite (An;;), sanidine, and analcite with accessory 
magnetite, apatite, and haiiyne. The fabric is hypidiomorphic granular, 
though the sanidine characteristically is sharply euhedral where sur- 
rounded by analcite. The mineral composition, according to Rosiwal 
measurement, is the following in volume percentages: 


23.1 
Labradorite and sanidine....... 43.6 
§.1 

100.0 


The monchiquitic chilled-border facies of the teschenite dike is a black 
aphanite, carrying innumerable small phenocrysts of olivine and augite, 
and a few white spots of analcite, less than a millimeter across. Under 
the microscope, the olivine phenocrysts are seen to be the larger; by 
Rosiwal measurement they amount to 7.2 per cent. They are highly 
magnesian olivines; most of them are intact, but some have altered to 
bowlingite. The pyroxene is a zoned titanaugite (y = 1.74; A = 0.027) 
with hour-glass structure, 2V approx. 52°, X A c = 48°, and faint reddish 
pleochroism. The groundmass consists of a dense plexus of minute 
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prisms of augite, so minute as to require the highest power objective to 
resolve them, minor biotite (y = 1.69, therefore probably lepidomelane **) 
and a colorless isotropic base. This base is a glass of index 1.521. One 
or two spots of analcite show in the thin section; they are probably 
amygdular fillings. The rock, accordingly, corresponds unusually well 
to the definition of a monchiquite, and in this monchiquite the colorless 
isotropic base, by volume roughly 25 per cent, is not analcite but glass. 

The olivine trachydolerite facies of the dike is well shown at its 
western end. The dike is encased on both sides by 4 feet of highly 


Taste 8.—Modes of teschenite-trachydolerite dike 


(Volume percentages) 


I II III IV 
§.1 5.3 1.6 trace 
100.0 100.0 100.0 


I.—Biotite teschenite. 

II.—Trachydolerite. 
III.—Trachydolerite, % mile from t 
IV.—Monchiquite border of teschenite dike. 


indurated arkose, having obviously been a good metamorphoser. The 
trachydolerite grades continuously, by imperceptible gradation, into the 
biotite teschenite. Two specimens, taken 78 feet apart along the strike 
so as to be certainly representative of trachydolerite and teschenite 
respectively, were chemically analyzed and confirm the field evidence 
of heteromorphism. 

About an eighth of a mile southeast of this locality, the teschenite 
again grades into trachydolerite—a dolerite of normal appearance carry- 
ing abundant fresh olivine. The dike is somewhat wider here and forms 
a butte. East of the butte, the dike narrows to 6 feet and becomes 
bowlingitic, biotitic, and ocellar. A chemical analysis was made of the 
trachydolerite from the summit of the butte (Loc. X, Pl. 1) and is 
identical with that of the other specimen of trachydolerite. These two 


52G. Schauberger: Biotit in tertiiéiren Eruptivgesteinen Béhmens, Centralbl. Min. Jahrg., Abt. A 
(1927) p. 89-105. The maximum indices for biotite were found to appertain to the lepidomelane in 
the syenite of Brevik, Norway: y = 1.697, a = 1.616, A = 0.081. 
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specimens, by their Rosiwal and chemical analyses, testify to the remark- 
able constancy of the dike, all the more remarkable, perhaps, in view 
of the considerable content of olivine (12 to 14 per cent), part of which, 
according to Bowen’s theory, may have accumulated by sinking from 
higher portions of the dike. 

The trachydolerites from the two localities are identical megascop- 
ically: they are blackish gray and show many small olivine crystals up 
to a maximum of 5 millimeters. Under the microscope the two rocks 
are seen to be alike, except that one carries a few more per cent of 
analcite than the other. They are ideally fresh, the olivine showing no 
bowlingitic or other alteration. The olivine forms by far the largest 
individuals in the rock, but is poorly euhedral or subhedral; it is a 
highly magnesian variety with an edging richer in fayalite, and contains 
minute, sharply euhedral inclusions of picotite. Augite is abundant; 


Taste 9—Chemical analyses of teschenite and its heteromorphic forms 
(R. B. Ellestad, analyst) 


i II III 
it 10.10 9.63 9.55 
99.97 100.14 100.07 
99.94 


I.—Biotite teschenite. 
II.—Olivine trachydolerite. 
III.—Olivine trachydolerite from same dike as ¢ but % mile eastward. 
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it has inconspicuous hour-glass structure, an extinction c A Z of 49° 
on the external zones, and is, therefore, probably titaniferous. The 
feldspar comprises labradorite (Anges), which is tabular and tends to be 
idiomorphic against the augite, and considerable interstitial alkali feld- 
spar. Analcite forms limpid isotropic patches containing many acicular 
apatite prisms and sporadic small euhedral augite crystals. Magnetite 
is abundant; on the whole, it is rare as inclusions in augite, but is molded 
on the augite and around the ends of the plagioclase tablets. Apatite also 
is abundant, especially in the mesostasis of alkali feldspar and analcite. 

The modes of the teschenite, its monchiquite border facies, and the 
trachydolerites are given in Table 8. 

The complete similarity of the two analyses of the trachydolerite 
specimens collected an eighth mile apart on the same dike is striking; 
even the smaller amount of H.O+ in III corresponds almost exactly to 
the smaller amount of analcite shown by the Rosiwal analyses. Petro- 
graphically, it is surprising that the trachydolerites containing slightly 
less MgO than the teschenite, nevertheless contain double the amount 
of olivine. The monchiquite selvage of the dike, with its olivine content 
of 7.2 per cent, is presumably a fair sample of the magma as originally 
injected; consequently, during the slow cooling of the interior of the dike 
and its holocrystalline solidification to teschenite, with notable develop- 
ment of biotite and hornblende, the olivine that separated early was not 
markedly resorbed. 


PICTOU DIKE (BIOTITIC OLIVINE FOURCHITE) 


The Pictou dike, so-named because it is intersected by the main 
highway half a mile northwest of the coal-mining town of Pictou, shows 
remarkable heteromorphic and textural variation. It is 30 to 35 feet 
thick and crops out in continuous exposures of fresh rock for several 
miles. 

The normal rock is a grayish black fine-grained phanerite, in which 
biotite only is recognizable. Marginally, the dike has a chilled border 
facies of olivine lamprophyre (sp. gr. 2.98)—an aphanite containing 
many small phenocrysts of olivine, the largest being 3 millimeters wide. 
This olivine amounts to 9.8 per cent by volume. Titanaugite (Zac= 
45°-52°), seriate and invariably euhedral, is the major constituent; 
biotite in fair amount and very minor hornblende are the other mafites. 
Labradorite (An,.) microlites, interstitial alkali feldspar, and a little 
analcite comprise the matrix. Magnetite and apatite are abundant. As 
a rule, this marginal aphanitic facies grades abruptly into the central 
biotitic phanerite. In one place, the dike was found to be aphanitic 
across its full width of 30 feet, however, and here it is horizontally 
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columnar, the only place where it has developed this structure. Mani- 
festly, the conditions under which the dike cooled here differed much 
from the generally prevalent conditions. Rock from the center of the 


Taste 10.—Analyses of fourchite and 


allied rocks 
I II 

SiO, ese 44.66 44.66 
4.12 3.84 
3.24 4.24 
2.05 .69 
1.00 1.10 
18 .20 

100.04 99.44 


I.—Biotitic olivine fourchite. Pictou dike, Colo. R. B. Ellestad, analyst. 
1I.—Alkali basalt. Bock Bay, Spitzbergen. M. Dittrich, analyst. Contains also 0.26 NiO and 
0.005Cr,0,. 


dike proves, microscopically, to be essentially like the border facies 
already described, except that it contains no biotite; its specific gravity 
(2.98) proves to be the same. 

The prevalent rock of the Pictou dike is a biotitic olivine fourchite 
(Loc. XIV, Pl. 1). It has olivine phenocrysts, 8.1 per cent by volume 
in the specimen chemically analyzed. In a specimen taken two years 
before, in 1932, not at the same locality, the olivine is 9.1 per cent. 
Titanaugite (Z~c—= 50°) is the main constituent, ranging serially to 
very small crystals, all euhedral. Red biotite of poikilitic habit is 
moderately abundant, but hornblende is rare. Labradorite (Ang) forms 
a coarse poikilitic matrix for the mafites, and with it is alkali feldspar 
and interstitial analcite, which, because it incloses acicular apatite, is 
considered to be primary. Analcitization has affected some of the labra- 
dorite. Haiiyne, so deeply pigmented as to be nearly opaque, is euhedral 
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and is idiomorphic against the augite and biotite. The SO; shown by the 
analysis indicates that about 1.3 per cent of haiiyne is present. Mag- 
netite and apatite are abundant. The alkali feldspar is prone to be 
turbid, and zeolitization has affected it as well as the haiiyne and possibly 
the analcite. 

For comparison, Table 10 shows an analysis of an alkali basalt 
(= trachybasalt) described by V. M. Goldschmidt,®* consisting of olivine, 
titanaugite, plagioclase (An,.), basaltic hornblende, magnetite, ilmenite, 
apatite, and glass. Its chemical composition corresponds closely to 
that of the Pictou dike, but the higher water-content of the Pictou 
magma appears to have caused biotite and analcite to form. 

Locally, the Pictou dike becomes an iron-black phanerite (sp. gr. 2.96) 
spangled with abundant plates of poikilitic biotite as large as half a 
centimenter across. Titanaugite is the chief mineral, the prisms, where 
projecting into the surrounding salic minerals, being tipped with aegirine. 
Poikilitic biotite is abundant, and olivine is rare, enclosed as remnants 
amid plates of biotite. The salic mineral forming the matrix for the 
dark minerals suggests haiiyne in ordinary light but proves to be uniaxial 
positive; ¢ = 1.507 and wm = 1.497, A = 0.010. The properties suggest 
hydronephelite (or ranite). Manifestly, this development of the Pictou 
dike as a biotitic phanerite is another example of the well-known tend- 
ency of biotite to form at the expense of olivine and orthoclase. 


AUGITE SYENODIORITE PORPHYRY 


Dikes of augite syenodiorite porphyry outnumber all other kinds in the 
cortege of the Spanish Peak stocks. They carry, in a gray-greenish micro- 
crystalline groundmass, abundant phenocrysts of plagioclase and a lesser 
number of smaller sporadic augite crystals. The plagioclase crystals have 
a well-defined border of orthoclase (as determined by the microscope). 
Altogether, these porphyries are of distinctive appearance and are, there- 
fore, easily recognized megascopically. Most of the dikes are not amygda- 
loidal, but one was found containing many vesicles filled with calcite 
and heulandite. 

The dikes of augite syenodiorite porphyry cut dikes of granite por- 
phyry, microsyenodiorite, and biotite teschenite. The augite syeno- 
diorite porphyry dike of Bear Creek is regarded as the type (Loc. IV, 
Pl. 1), and a specimen of it, taken from near the intersection with the 
microsyenodiorite dike, was chemically analyzed. Traced eastward from 
this intersection, the dike meets a shonkinite dike and then runs parallel 
and in contact with the shonkinite, forming a compound dike; it gradually 


583V. M. Goldschmidt: Petrographische Untersuchung einiger Eruptivgesteine von Nordwestspitz- 
bergen, Videnskap. Skrifter I, Math.-Nat. KI., no. 9 (1911) p. 12, 16. 
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tapers down to 11% feet in thickness, crosses through the shonkinite, 
which is here 15 feet thick, and ends. Westward from the intersection, 
it cuts through a biotite teschenite (also chemically analyzed) and is 
itself cut by a camptonite (olivine fourchite), a sample of which also 


TaBLe 11—Augite syenodiorite porphyry and pyroxene syenodiorite 
(George Steiger, analyst) 


Norm 

17.47 15.95 18.63 mt........ 4.87 

2.83 3.88 1.68 

4.37 4.42 CIPW symbol II.5.3.4. 

1.61 .56 
eee 15 12 
100.16 100.48 


I.—Augite syenodiorite porphyry; Bear Creek. 
II.—Pyroxene syenodiorite, summit of West Peak. 


was chemically analyzed. The type augite syenodiorite porphyry is, 
therefore, one of the most significant, if not the most significant, of the 
dikes in the area in giving evidence on the order of intrusion. 

The plagioclase phenocrysts are labradorite (Ang) edged with po- 
tassium feldspar. Augite comprises the remaining phenocrysts. The 
groundmass consists of euhedral plagioclase edged with potassium feld- 
spar, biotite, augite, and a minor amount of potassium feldspar, which 
is idiomorphic against some interstitial quartz. Iron ore is abundant; 
apatite is sparse as large stubby prisms and abundant in capillary fibers; 
titanite is rare. Chlorite is secondary; calcite is present in traces. The 
specific gravity of the analyzed rock is 2.63; computed from the norm, 
it is 2.71. Another specimen from the same dike, taken a few miles west 
of the locality of the type material, gave specific gravity 2.66. 

The mineral composition of the augite syenodiorite porphyry in volume 
per cents is as follows: 
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Plagioclase+-orthoclase......... 73.5 
Biotite+chlorite............... 11.5 

Others, mainly magnetite and 
100.0 


The chemical analysis of the pyroxene syenodiorite of West Peak is 
given in Table 11 for comparison with that of the augite syenodiorite 
porphyry. It appears to be closely similar; and this similarity suggests 
that the augite syenodiorite porphyry dikes are the results of the injection 
of a slightly differentiated fraction of the pyroxene syenodiorite magma. 
The porphyry, like other Spanish Peaks igneous rocks, is characterized 
by high potassium, titanium, and phosphorus. 


BIOTITE LAMPROPHYRES 


Under biotite lamprophyres are included minette-like rocks in which 
biotite is the most conspicuous constituent to the eye. On quantitative 
examination, they prove, in spite of the seeming predominance of the 
biotite, to carry much augite, and most of them have more augite than 
biotite. The biotite lamprophyres of the area, therefore, include minettes, 
augite minettes, and biotite-augite vogesites. 

The one example of a “pure” minette found is an 8-foot dike in 
Mavricio Canyon; it is a multiple dike, having been invaded by a dike 
of spherulitic minette, a foot thick. The main dike was chilled to a black 
aphanite carrying a few small phenocrysts of pyroxene and biotite; on 
the weathered surface, it shows a spherulitic pattern. 

The normal rock is a microgranular minette (sp. gr. 2.74), charac- 
terized by abundant plates of biotite as large as a centimeter across. It 
consists essentially of sanidine in radial and spherulitic groups and biotite 
of lamprophyric habit. Magnetite and apatite are abundant accessories; 
sphene is scarce. Although the minette appears brilliantly fresh, the 
microscope shows it to contain 15 to 20 per cent of calcite. Much of the 
calcite is sharply interstitial between idiomorphic laths of sanidine, but 
in part it has replaced the sanidine, leaving the biotite intact. 

A notable minette dike is on the east side of Wahatoya Canyon. 
Although only 4 to 5 feet thick, its course across country is marked by a 
prominent wall of sandstone, formed by the induration of the successive 
beds of the Cuchara formation through which it cuts. The biotite is so 
well oriented parallel to the walls that the dike is roughly schistose. 
More notable even than the power it had to metamorphose, is its con- 
tent of pebbles and conglomerate fragments, estimated to be 10 to 20 


q 
| 
i 
i 


1764 ADOLPH KNOPF—IGNEOUS GEOLOGY OF THE SPANISH PEAKS REGION 


per cent of the volume of the dike. Pebbles of white gneiss, ranging up 
to boulders 18 inches in diameter, are most common. These xenoliths 
are distributed uniformly through the dike, for a mile along its strike, 
and through an exposed vertical range of 800 feet. The only analogy 
known to the writer is the “Conglomerate” or “White” dike in the Ross- 
land district, British Columbia, a spessartite dike inclosing xenoliths of 
quartzite, gneiss, syenite, quartz, and aplite and maintaining the same 
character where cut on the 900-foot level of the Josie mine as at the sur- 
face.** The derivation of the xenoliths in the Rossland lamprophyre is 
unknown; but, from the pieces of conglomerate in the Spanish Peaks 
minette, it seems clear that the dike acquired its innumerable pebbles 
from an underlying bed of conglomerate. 

Two biotite lamprophyres have been chemically analyzed: (1) biotite- 
augite vogesite from the Walsen dike, and (2) augite minette from the 
South Fork of the Trujillo. 

The Walsen dike, so named because the prominent landmark called 
Walsen Crag stands on it, extends southwestward for 9 miles from a 
point just north of the town of Walsenburg. Well exposed along most 
of its length, it is particularly well exposed in the cut newly made through 
it on U. 8S. Highway 85, which shows it to a depth of 80 feet in the Pierre 
shale. It is vertical, is 30 feet thick, and has hardened the shale to a 
distance of 2 feet. The grain size, except in the narrow chilled selvage, 
is uniform across the entire width. The rock (sp. gr. 2.85) is an iron- 
gray phanerite, aphyric, and carries abundant plates of biotite, 2 to 3 
millimeters in diameter: it can, without violence to the principles of 
nomenclature, be called a biotite microshonkinite. 

The specimen analyzed was obtained somewhat farther west, nearer to 
the Spanish Peaks, at the intersection with the road from Walsenburg to 
Gardner (Loc. XI, pl. 1). It is black, brilliantly fresh, 1- to 2-milli- 
meter-grained, with biotite the only constituent readily impressing the 
eye, and is only obscurely porphyritic. Farther west, near Walsen Crag, 
the dike becomes compound, biotite lamprophyre and a basaltoid rock 
(augite vogesite) filling the fissure. The relation between the two is well 
displayed in a small quarry from which the fresh vogesite was taken and 
the rotten biotite lamprophyre was left as a wall, 20 feet high, showing 
remarkably well-developed spheroidal weathering. The vogesite is very 
slightly chilled against the biotite lamprophyre; it is at least 20 feet 
thick and is essentially uniform in grain. Walsen Crag is an expanded 
portion of the vogesite dike, which here is separated, by a sandstone 
horse, from the main strand of the biotite lamprophyre dike on the south 


%C. W. Drysdale: Geology and ore deposits of Rossland, British Columbia, Geol. Surv. Canada, 
Mem. 77 (1915) p. 31-32. 
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side of the Crag. One and a half miles west of the Crag, the biotite 
lamprophyre attains its greatest thickness—50 feet—and then decreases 
gradually toward the Spanish Peaks; near North La Veta, it is only 10 


TaBLe 12—Analyses of biotite lamprophyres and shonkinite 


I II III IV V 
46.37 47.63 52.26 52.90 46.04 
11.98 12.01 13.96 10.20 12.23 
ee 5.05 4.20 2.76 3.61 3.86 
5.16 4.99 4.45 4.44 4.60 
8.38 8.31 8.21 9.06 10.38 
9.33 7.28 7.06 6.91 8.97 
2.84 1.98 2.80 2.20 2.42 
4.34 5.40 3.87 6.36 5.77 
2.17 1.83 1.34 2.87 

1.80 2.22 .58 127 .64 
1.34 1.08 .52 .63 1.14 
.10 .14 tr. 
.56 .23 .07 -48 
100.12 99.69 100.25 99.60 99.76 
Less O=S .02 O=Cl .03 
99.67 99.73 
2.86 2.80 2.76 2.84 2.84 


I.—Biotite-augite vogesite; Walsen dike, Walsenburg. George Steiger, analyst. 

II.—Augite minette; South Fork of Trujillo. R. B, Ellestad, analyst. 

III.—Augite minette; Sheep Creek, Little Belt Mountains, Montana. W. F. Hillebrand, analyst. 
Nearly identical with the world-average minette (Beger). Specific gravity determined on Pirsson’s 
type specimen. 

IV.—Olivine-biotite shonkinite; near Walsenburg-La Veta road. George Steiger, analyst. 

V.—Olivine-biotite-diopside vogesite (‘‘minette of Highwood type’); Arrow Peak, Highwood 
Mountains, Montana. H. W. Foote, analyst. Specific gravity determined on analyzed type specimen, 
Yale Collection, No. 2165. 


feet thick. In this thinner portion, it has lost its granular, microshon- 
kinitic character and resembles an augite minette characterized by pheno- 
crysts of augite and abundant biotite. 

Under the microscope, the rock chemically analyzed is seen to have a 
seriate porphyritic fabric, both augite and biotite being in serial sizes. 
Augite is the most abundant mafite; its idiomorphism is good, down to 
the very smallest prism in the groundmass. The biotite is reddish, and 
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2E is fairly large (titaniferous variety?). A little olivine is present, 
largely altered to bowlingite. Sanidine, of small 2E, forms a relatively 
coarse matrix poikilitically inclosing the other minerals; most of it is 
water-clear, but some is zeolitized, giving it a fibrous structure somewhat 
resembling twinning. Apatite, ranging from stout prisms to ultra-micro- 
scopic needles, is abundant, as is iron ore; but sphene is scarce. 

In view of the minette-like appearance of the rock, it was surprising 
to find that micrometric analysis gave the volume percentage composi- 
tion as 36.2 per cent of augite, 12.6 biotite, and 51.2 others. It is, there- 
fore, named biotite-augite vogesite. 

The chemical analysis of the biotite-augite vogesite from the Walsen 
dike is that normal for lamprophyres of this kind. It is practically iden- 
tical with Niggli’s shonkinitic magma-type (Table 13) .°5 


Taste 13—Niggli’s shonkinitic magma-type 


I II 
16.00 17.00 
23.00 24.00 
.50 .60 
61 65 


I.—Biotite-augite vogesite; Walsenburg, Colorado. 
II.—Shonkinitic magma-type. 


For comparison with the biotite-augite vogesite are given the analyses 
of (1) the biotite lamprophyre from the south side of the Spanish Peaks, 
the only other analysis of such lamprophyres of the region so far made; 
(2) that of the augite minette from the Little Belt Mountains, Mon- 
tana, which is practically identical with the world-average minette com- 
puted by Beger; and (3) that of the shonkinite, from near the Walsen- 
burg-La Veta road, described on page 1768. 

The other biotite lamprophyre chemically analyzed is from a 10-foot 
dike, dipping 80°S., well exposed along its strike and dip on the South 
Fork of Trujillo Canyon, 17 miles from Aguilar (Loc. VII, pl. 1). The 
impression this rock immediately makes on the eye is that it is a bril- 
liantly fresh minette carrying innumerable plates of biotite, 3 to 4 milli- 
meters across, and sporadic prisms of augite scattered through a grayish 
black microcrystalline matrix. The specific gravity of the chemically 
analyzed specimen is 2.80, but other pieces collected from the dike, under 


% P. Niggli: Gesteina- und Mineralprovinzen (1923) p. 193. 
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the belief that they are equally fresh, measured 2.75 and 2.77, probably 
in part because of their more highly altered condition, which was revealed 
by the microscope. 

The type material, as seen under the microscope, contains biotite and 
augite in roughly equal amounts; both are in seriate porphyritic arrange- 
ment. The biotite is characterized by “battlemented” ends and an in- 
tensely pleochroic outer zone sharply defined from the core—that is, it 
has the so-called typical lamprophyric characters—but these also are 
found in some of the shonkinites of the district. Glassy sanidine (about 
Ors) Abs.) showing carlsbad twinning forms a poikilitic matrix. Anal- 
cite, generally isotropic but in places weakly birefringent, is present inter- 
stitially, the adjacent sanidine invariably being idiomorphic against it; 
locally, the analcite forms a few relatively large blebs, these being per- 
haps incipient or poorly formed ocelli. Olivine, largely changed to bow- 
lingite, forms two or three per cent. Magnetite, apatite, and sphene 
are the accessory minerals. Minor calcite has formed, chiefly at the ex- 
pense of a mineral interstitial between the sanidine, probably analcite. 
The Rosiwal mode of the augite minette, in volume per cents, is as 
follows: 


100.0 


*Computed from the chemical analysis. 


The chemical analysis of this minette has already been given (p. 1765). 
It compares closely with that of the biotite lamprophyre of the Walsen 
dike, which rock, because the augite predominates over the biotite in it, 
was called a biotite-augite vogesite. The high BaO is a notable feature. 
In this respect, as well as in general, it is like the Arrow Peak biotite 
lamprophyre from Montana. That lamprophyre was called by Pirsson 
“minette of the Highwood type,” by Rosenbusch “orthoclase camptonite,” 
and by Beger “leucite monchiquite”; but, according to the measured 
mode," already given on page 1748, showing 15.8 per cent of biotite by 
volume as against 26.7 per cent of diopside, it can more appropriately be 
termed an olivine-biotite-diopside vogesite. The Colorado minette is 


%L, V. Pirsson: Petrography and geology of the igneous rocks of the Highwood Mountains, 
Montana, U. 8. Geol. Surv., Bull. 237 (1905) p. 146. 
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relatively high in TiO, compared to the Montana lamprophyre, con- 
sonant with the regional peculiarity of the Spanish Peaks field. 

In regard to the question of what is a minette, it should be recalled 
that Brégger,’” holding that “a minette is a melanocratic rock with pre- 
dominant biotite,” proposed the new name kamperite for those rocks 
that contain less than 50 per cent of biotite. Were this proposal fol- 
lowed, very few of the minettes so named in the literature would qualify 
as minettes. In the present study, the term minette is used for por- 
phyritic rocks in which the dark minerals exceed 3744 per cent, biotite 
predominating, and in which the porphyritic fabric is the result of the 
recurrence of the mafites in two generations. If, however, the augite 
predominates over the biotite, the rocks are called biotite-augite voge- 
sites; if these rocks are aphyric and microgranular, they are termed 
microshonkinites; if coarsely equigranular, say exceeding 1 or 2 milli- 
meters, they are called biotite shonkinites. 


SHONKINITE 


Shonkinite occurs chiefly as dikes in the Spanish Peaks region. One 
small plug is north of the Walsenburg-La Veta Road. In this same 
part of the area is a dike, 45 feet thick, cutting cross-bedded horizontal 
sandstone, which, by developing cordierite in the cement, it has indurated 
to an exceedingly tough compact rock. The dike trends northwesterly 
and meets the Walsen dike of biotite-augite vogesite at an angle of 50 
degrees, but the relative ages could not be determined. 

There are many definitions of shonkinite, but the term will here be 
employed in a sense preserving the essentials of Pirsson’s original usage, 
for a mesotype phanerite consisting of potassium feldspar and augite. 
Accordingly, rocks composed of potassium feldspar and % to % augite 
are “shonkinites.” If olivine and biotite, severally or together, occur 
with the augite (as they do in many of the rocks called shonkinite by 
Pirsson; in fact, the biotite in the shonkinite of Yogo Peak, Montana, is 
megascopically the most prominent feature of the rock), the rock is 
termed an olivine-biotite shonkinite. Augite vogesite (lamprophyres 
consisting wholly of potassium feldspar and augite) are the textural 
variants of shonkinites, and biotite-augite vogesites, which megascopi- 
cally resemble minettes and cannot certainly be distinguished from 
minettes without quantitative determination, are the lamprophyric tex- 
tural equivalents of the biotite shonkinites. These relations are com- 
mon in the Spanish Peaks region, where the shonkinite dikes have 
“minette-like” margins of biotite-augite vogesite and the thinner dikes 
are lamprophyric from wall to wall. 


57 W. C. Brégger: Das Fengebiet in Telemark, Norwegen (1921) p. 103-104. 
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The olivine-biotite shonkinite that was chemically analyzed was taken 
from the center of the 45-foot dike (Loc. VI, pl. 1). It is a dark-gray 
phanerite of medium-grain (3-5 mm.), in which biotite, olivine, and 
poikilitic feldspar are megascopically recognizable. 

The feldspar, as seen under the microscope, is a coarsely granular, 
nearly uniaxial sanidine, which serves as the host for the other minerals. 


TaBLe 13.—Analyses of shonkinites 


I II 

.63 81 
-1l tr 
n.d. 07 

99.60 99.67 


I.—Olivine-biotite shonkinite ; Spanish 
Peaks. George Steiger, analyst. 
II.—Biotite shonkinite; Beaver Creek, Bear- 
paw Mountains, Montana. Contains also 0.11 
Cr,0,, 0.07 NiO, and 0.16 F. H. N. Stokes, 
analyst. Specific gravity determined by the 
writer on the type specimen in the Yale collec- 
tion. 
The prevalent pyroxene is a diopsidic augite, but there is some deep- 
green aegirine, which has formed chiefly at the expense of the augite and 
is commonest where surrounded by an isotropic mineral—analcite. 
Arfvedsonite is present in minor amount, in association with the aegirine. 
Red-brown biotite, whose high index y = 1.66 indicates lepidomelane, 
is common; it is noteworthy in showing an inclined extinction of 6 de- 
grees and relatively large 2E (50-60°). Olivine, practically unaffected 
by the bowlingitic alteration so common in the Spanish Peaks region. 
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iron ore, apatite, and sporadic haiiyne are the remaining constituents. A 
Rosiwal analysis gives the following volume percentage composition: 


11.5 
5.4 
3.2 
1.4 

100.0 


The shonkinite from the Spanish Peaks agrees fairly closely in chemical 
composition with the biotite shonkinite from Beaver Creek, Bearpaw 
Mountains, Montana.®* It is somewhat higher in silica and potash than 
most shonkinites; in fact, among the twelve shonkinites listed in Rosen- 
busch-Osann’s Elemente der Gesteinslehre only one—from Pic de Maros, 
Celebes, containing 6.56 per cent of K,0—exceeds it in potash content. 
The CIPW symbol is III.5.1.2’; the shonkinite falls into the subrang 
fortunose, which, in Washington’s tables,** contains only four analyses: 
the two lamprophyric lavas verite and jumillite, a tinguaite, and an augite 
minette. 

MELASYENITE 

A number of dikes are best described as melasyenites, that term being 
used in the sense proposed by Niggli for syenitic rocks in which the 
ferromagnesian minerals are more abundant than in normal syenites—i.e., 
the ferromagnesian minerals are more than 37% per cent by volume.*° 
According to this definition, melasyenite includes the shonkinites already 
described, but the variety of melasyenite now to be described is one that 
cannot be called shonkinite. 

The most notable representative of the melasyenites is the 30-foot dike 
(No. 96) well exposed on the road in Ideal Canyon. It is coarse, equi- 
granular, and rich in biotite, which forms poikilitic plates a centimeter 
or more in diameter. The margins of the dike are black, aphyric, and 
microcrystalline, manifestly the result of drastic chilling; but in spite of 
this chilling the incasing sandstones and shales have been conspicuously 
metamorphosed. Irregular segregation dikelets of fine-grained gray anal- 
cite syenite are sparsely scattered throughout the dike, as is true of other 
similar dikes in the region. 


58 W. H. Weed and L. V. Pirsson: Igneous rocks of Yogo Peak, Montana, Am. Jour. Sci., 3rd ser., 
vol. 50 (1895) p. 358-361. 

%®H. S. Washington: Chemical L; of ig rocks published from 1884 to 1918, inclusive, 
with a critical discussion of the character ond use of analyses, U. S. Geol. Surv., Prof. Pap. 99 
(1917) p. 594-595. 

© P. Niggli: Die quantitative mineralogische Klassifikation der Eruptivgesteine, Schweiz. Min. Pet. 
Mitt., Bd. 11 (1931) p. 317. 
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Microscopically, the melasyenite (sp. gr. 2.71) is seen to consist essen- 
tially of alkali feldspar (albite, in part), biotite and brown hornblende 
(locally edged with deep-blue riebeckite) in nearly equal quantities, and 
augite. Calcite, which possibly has replaced analcite, is present to the 
extent of 5-10 per cent. The rock is a hornblende-biotite melasyenite. 

The border facies of this dike, unlike the central rock, is brilliantly fresh 
and consists chiefly of alkali feldspar, augite, and biotite. Hornblende, 
abundant in the center of the dike, is virtually absent. The specific 
gravity—2.84—-proved to be unexpectedly high compared to the 2.71 of 
the central portion of the dike, but the difference is in part accounted for 
by the greater freshness of the contact facies. 

The melasyenites are related, on the one hand, to the shonkinites of 
the region, which are olivine-biotite-augite melasyenites, and, on the other 
hand, to the biotite lamprophyres. 


AUGITE MICROSYENITE 


Dike No. 2 is representative of a type found in a number of dikes in the 
drainage of the Santa Clara River.*! They are finely phanerocrystalline 
rocks, of pepper-and-salt appearance, and carry euhedral augite as sparse 
phenocrysts. Dike No. 2 is vertical, is 10 to 20 feet thick, and is notable 
for its amygdaloidal habit despite its phanerocrystalline grain. Amygdules 
as large as 2.5 centimeters were seen, filled chiefly with calcite and zeolites. 
The specific gravity ranges from 2.67 to 2.71. 

The augite is a titanaugite and recurs in the groundmass. Red biotite 
and minor hornblende, in places edged with riebeckite, are restricted to the 
groundmass. The feldspar is anorthoclase, and analcite is interstitial, 
but, in general, has been altered to zeolite. Abundant apatite and iron ore 
are the accessories. The rock is a lamprophyre in the sense that augite 
occurs in two generations and that the biotite and hornblende are in the 
groundmass, but the color index appears to be too low to qualify the rock 
as a lamprophyre; tentatively, augite microsyenite appears to be the most 
fitting name. 

Dike No. 2 forms a prominent ridge, and, 134 miles southeast of Bear 
Creek, it cuts through the type microsyenodiorite dike. Farther east, 
toward Ideal Canyon, it meets a coarse olivine-biotite teschenite dike, 35 
to 40 feet thick, and runs parallel to this dike for several hundred yards, 
both rocks showing chilled contacts against each other. The microsyenite 
gradually decreases in thickness and finally enters into the middle of the 
teschenite dike and terminates. 

More definitely lamprophyric is the 6-foot dike that crops out 0.7 mile 


61 Some of the dikes have been given numbers, which are shown on the map in numerical order 
from north to south. 
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east of the Devil’s Stairway dike. It is a dark-gray rock (sp. gr. 2.70) 
carrying many small phenocrysts of augite in a nearly phanerocrystalline 
groundmass, which consists of alkali feldspar, augite, and biotite. The 
dark minerals, about 8 of the bulk of rock, are enough to qualify this 
rock as a lamprophyre, and it is, therefore, termed a biotitic augite voge- 
site. As the biotite is not visible to the unaided eye, this vogesite does 
not even remotely resemble the biotite-augite vogesite of the Walsen dike 
(p. 1764), in which the biotite is the most conspicuous mineral. These 
facts illustrate the inadequacy of petrographic nomenclature to give indi- 
viduality to rocks that to the eye are very distinct entities and, therefore, 
seem to demand distinctive names. 

The diversity of the igneous rocks in the Spanish Peaks dike retinue is 
in part caused by the presence of transitional varieties, which span the 
gap between lamprophyres and microsyenites. 


TRACHYDOLERITE, TRACHYBASALT, AND BASALT 


Dikes of basaltic appearance are common, and, at first, it was thought 
that they belong to a much younger period of igneous activity, probably 
contemporaneous with the voluminous outpouring of Pleistocene basalts 
so common at Trinidad, 40 miles south of the Peaks.** However, micro- 
scopical study of the “basalts” shows that many of them are analcitic 
trachybasalts and trachydolerites, and the field evidence, as already pre- 
sented on page 1756, proves that some of the trachydolerites are hetero- 
morphic forms of teschenites and basic lamprophyres. To the east, in the 
Apishapa quadrangle, Cross found that “vogesite” (a titanaugite lampro- 
phyre) cuts basalt. In view of these facts, it must be concluded that many 
of the trachybasalts and trachydolerites belong to the petrogenic epoch 
in which the Spanish Peaks stocks and their dike cortege were formed. 

Trachydolerite forms the longest dike in the region—15 miles in length. 
It was examined at the head of Reilly Canyon, where it is 18 feet thick, 
has aphanitic margins, and centrally is an aphyric dolerite, somewhat 
amygdaloidal. It was mapped by Hills as a “late lamprophyre,” but it 
proves to be a trachydolerite (sp. gr. 2.83). Labradorite (Ango) is the 
dominant constituent; titanaugite in ophitic relation to the labradorite 
is next. Anorthoclase is interstitial between the sharply euhedral plates of 
plagioclase, but, where surrounded by analcite, it is idiomorphic. Red 
biotite and analcite are minor constituents, together with iron ore and 
apatite. The relatively low specific gravity of the rock appears to be 
accounted for by the content of alkali feldspar and analcite. 

A biotite trachydolerite dike, 60 feet thick, is well exposed in Jaroso 


e2W. T. Lee: Raton-Brilliant-Koehler, New Mezico, Colorado, U. S. Geol. Surv., folio 214 
(1922) 17 pages. 
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GREAT WALL DIKE ON WEST SIDE OF WAHATOYA CREEK 


Figure 2. GoemMMerR Butre 


Volcanic neck near La Veta. Spanish Peaks in the background. (Photo by J. L. Powell) 


WALL DIKE AND VOLCANIC NECK 
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Canyon. It is a coarse blackish aphyric rock, of specific gravity 2.80. 
Labradorite (Ang) is the dominant constituent, and is ophitically en- 
veloped by titanaugite. Reddish brown biotite of poikilitic habit is 
abundant. Anorthoclase, possibly amounting to 10 per cent, is interstitial 
between sharply idiomorphic plates of labradorite. Locally, the dike is 
amygdaloidal or ocellar, containing many light-colored blebs of feldspar, 
analcite, and minor biotite. 

A similar dike (sp. gr. 2.78), 15 feet thick, is near the entrance of Waha- 
toya Canyon, between East and West Peaks. It is mentioned merely to 
emphasize the wide areal distribution of the trachydolerite dikes. 

The most notable of the olivine trachydolerite dikes (No. 1) is intrusive 
into a coarse olivine-biotite teschenite dike southwest of Ideal Canyon. 
Its texture ranges from aphyric aphanitic to coarsely doleritic (or 
gabbroic). The aphanitic facies (sp. gr. 2.94) has abundant micropheno- 
crysts of olivine and titanaugite in a groundmass of plagioclase and inter- 
stitial potassium feldspar. The trachydolerite facies (sp. gr. 2.93) is a 
dark rock in which poikilitic biotite is easily recognizable. It contains 
abundant fresh olivine, brown hornblende, red-brown biotite, plagioclase, 
potassium feldspar, and minor analcite. Deeply pigmented haiiyne, iron 
ore, and apatite are the accessory minerals. This facies approaches closely, 
in composition and appearance, the olivine-biotite teschenite into which 
it is intrusive. There is little doubt that the trachybasalts, trachydolerites, 
and teschenites are variants formed from the same magma-type. 

There is a 30-foot dike of olivine basalt (“late lamprophyre,” according 
to Hills), 4 miles north of Pictou. It is traceable for many miles; east 
of the main highway to Pueblo, it incloses xenoliths of Pierre shale con- 
taining Inoceramus fragments, as already mentioned. It is an aphanite 
dotted with many phenocrysts of glassy olivine; it is amygdaloidal in 
places; and its specific gravity, in two hand specimens, is 2.97-2.98. 
Microscopically, the main difference between the two specimens is that 
one, which is evidently the more quickly cooled facies, has few titanaugite 
phenocrysts associated with those of olivine, whereas the other contains 
them in abundance. As the fabric is typically basaltic and alkali feld- 
spar appears to be scarce, the rock would naturally be called “olivine 
basalt.” However, the presence of the titanaugite and the fact that the 
alkali gabbro of Huerfano Butte has a contact facies seemingly “basaltic,” 
make it doubtful, in the absence of a chemical analysis, whether this rock 
is an olivine basalt or an olivine trachybasalt. 

Dikes of subalkalic basalt are found at various places in the region. 
Dike No. 3 is representative; it is a 40-foot dike at the east base of East 
Peak, on the headwaters of Santa Clara Creek. It carries innumerable 
phenocrysts of glassy labradorite (An;s) and less conspicuous crystals of 
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augite. The specific gravity is 2.78, slightly low because the augite is 
partly altered to chloritic substance. 

These plagiophyric basalts are manifestly not related to the trachy- 
dolerites and olivine-titanaugite lamprophyres. As none was found in 
intersection with other dikes, their relative age is unknown. They may 
possibly belong to the Pleistocene basaltic igneous activity so abundantly 
displayed at Trinidad, but no evidence for or against this supposition 
is known. 

SILLS AND OUTLYING PLUGS 


GENERAL FEATURES 


Sills of great areal extent are common, but are chiefly in the outer part 
of the dike-aureole. They were intruded in the coal-bearing strata—that 
is, in the deeper portions of the stratigraphic column—hence, their spacial 
distribution. Only one sill—a 20-foot sill of microgranite—was found 
near the Peaks; it is on the upper reaches of the South Fork of the Trujillo, 
where deep canyons and the up-doming of the strata have exposed the 
stratigraphically lower beds. 

The sills comprise a wide variety of petrographic types. Basalts appear 
to be most common, but their chemical and petrographic features were 
not closely investigated. Many of the basalt sills, such as that so well 
exposed in the massive sandstone in the Apishapa Valley, a mile above 
Aguilar, are amygdaloidal. Some of the basalt sills are closely associated 
with coal beds, having a coal bed either as footwall or as hanging wall; 
in such places, they are much altered, and calcite is extremely abundant. 
There are also sills of lamprophyre. 

The lower sill at Berwind, which is 5 feet thick and amygdaloidal, con- 
sists of camptonitic rock (sp. gr. 2.76). It is a blackish trap-like rock, 
obscurely porphyritic, having small sporadic phenocrysts of augite. 
Barkevikite (Z , ¢ = 11°) in slender prisms is abundant in the ground- 
mass. The feldspar is in part labradorite, but is chiefly alkali feldspar, 
which accounts for the relatively low specific gravity of this augite- 
barkevikite lamprophyre. Deep-brown, almost opaque needles, or narrow 
laths, of some indeterminate mineral are abundant and are perhaps note- 
worthy because they have not been found in any other rock of the region. 


ANALCITE SYENOGABBRO 


Two remarkable sills in the Pierre shale are exposed at Bradford Lake, 
northeast of Walsenburg. The upper sill is 30 feet thick and is separated 
by 20 feet of shale from the lower sill, which is 40 feet thick. The extraor- 
dinary feature that focused attention on these sills, which had been 
mapped by Hills as “early lamprophyres,” was that they have aphanitic 
black selvages, but, within a few inches of the contacts, they take on a 
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plutonic habit, becoming what appear to be hornblende diorites character- 
ized by slender hornblende prisms, a centimeter long. In the laboratory, 
the rocks were found to contain considerable analcite; thus, presenting 
another illustration of the potency of analcite—or the water necessary 
to form it—to reduce the viscosity of the magma and promote ready 
crystallization. Locally, the sills show many “pre-Cambrian” features, 
such as rounded blocks of igneous rock surrounded by a matrix of only 
slightly different appearance, so that features simulating nebulites and 
metamorphosed breccias are produced. 

The rock of the lower sill is a mesotype phanerite of specific gravity 
2.77. It consists of barkevikitic hornblende (y = 1.69), titanaugite, red- 
dish biotite, labradorite (An;,), anorthoclase, and analcite. The anortho- 
clase is found as shells surrounding the labradorite and as idiomorphic 
tablets. The analcite occupies the angular interspaces between the an- 
orthoclase, and amounts to about 10 per cent of the rock. Most of it is 
isotropic, but some is optically anomalous; its index of refraction is above 
1.491 and just under 1.502. Some of the analcite, on the edge of the thin 
section, shows cubic cleavage, but in this rock, as in the many other 
analcitic rocks of the Spanish Peaks area, cubic cleavage is rarely seen. 
The labradorite is clear and glassy, but is partly analcitized; the anortho- 
clase, however, is turbid. Iron ore, apatite, and titanite are accessory 
minerals. Calcite is sparse, and the little there is appears to have formed 
at the expense of analcite. Analcite syenogabbro appears to be the most 
appropriate name for this rock. 

Two small plugs of related rock cut through the Pierre shale east of 
Walsenburg, along the road from Cuchara Junction to Rouse Junction. 
One of these forms a conical butte, 75 feet high. The plug is 150 feet in 
diameter; it has brecciated the contact and incloses large angular frag- 
ments of hornfelsed shale. The abundance of slender hornblende prisms 
is a feature of the rock. The specific gravities of the specimens from this 
plug—2.56 for the border facies and 2.60 for the normal phanerite— 
prove to be unexpectedly low, probably because of alteration, chiefly 
zeolitization. Analcite is rare, but in its place are prehnite and thomso- 
nite; the plagioclase has been largely altered to thomsonite. 

The second plug is 750 feet east of the one just described. It appears 
to be somewhat more basic because of the prevalence of hornblende, as 
much as 4 centimeters long, in the coarser facies (sp. gr. 2.70). The fine- 
grained facies (sp. gr. 2.64) is notable for its pseudo-amygdular character, 
being crowded with ocelli. Again, the low specific gravities are the result 
of alteration, chiefly to thomsonite, another zeolite (mesolite?) of nearly 
zero birefringence, and prehnite. 

A few dikes that probably belong to this magma-tyr2, though more 
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distinctly syenitic in composition, are exposed near the East Spanish 
Peak. One of these is a hornblende syenite (sp. gr. 2.65) forming a 5-foot 
dike at 8200 feet altitude in Wahatoya Canyon. It shows innumerable 
short needles of barkevikite scattered in random arrangement through 
coarse anhedral alkali feldspar; noteworthy, perhaps, is the presence 
of a little riebeckite. Other dikes are probably textural and heteromorphic 
variants of this magma-type, but chemical analyses of non-zeolitized 
specimens will have to be available before this can be proved. 


ALKALI GABBRO OF HUERFANO BUTTE 


Huerfano Butte is a well-known landmark standing on the south bank 
of the Huerfano River, not far from the main highway to Pueblo. It 
is heavily coated with black desert varnish, and from a distance re- 
sembles a basalt plug. As such it is indicated in the Walsenburg folio, 
but it proves to be a coarse-grained alkali gabbro, rich in biotite. 

The plug is roughly 200 yards in diameter and pierces the horizontal 
Pierre shale. It has metamorphosed the shale to an aphanitic hornfels 
(sp. gr. 2.67) of almost glass-like fracture, which under the microscope 
is seen to be a biotite-cordierite hornfels. The collar of hornfels thus 
formed is, at most, 3 feet thick, but induration of the shales has extended 
outward a few yards farther. 

The igneous mass is fairly uniform in grain-size, except that on the 
summit it is unusually coarse, being spangled with poikilitic plates of 
biotite, a centimeter in diameter. The margin of the plug, however, 
has been drastically chilled to a black aphanophyre (sp. gr. 2.98) carry- 
ing many small olivine crystals, 1 to 2 millimeters in size. According 
to Rosiwal measurement, to 10.8 per cent by volume. This marginal 
zone is 2 feet thick, but at 6 feet from the contact, the rock is already 
a phanerite (= a coarse dolerite) of about 3-millimeter grain-size. 

The specimen taken for chemical analysis as representative of the 
plug (Loc. IX, pl. 1) is a notably fresh medium-grained melanocratic 
phanerite, in which biotite, in foils 5 millimeters across, is the most 
obvious constituent. Its density—2.98—is the same as that of the con- 
tact: selvage. Named in the order of decreasing abundance, the gabbro 
consists of labradorite (An,;), augite (probably titanaugite), biotite, 
olivine, potassium feldspar, iron ore, apatite, and analcite. The biotite, 
of index y = 1.655, is lepidomelane, and is of poikilitic habit, the result of 
its late origin, in part later than the plagioclase. The analcite is mainly 
interstitial, and the potassium feldspar adjacent to it is sharply idio- 
morphic, but plagioclase bounded by analcite has a scalloped border. 

The mineral composition measured according to the Rosiwal method is, 
in percentage volumes: 


i 
| 
= 
3 
2 
| 
| 
? 
| 


SILLS AND OUTLYING PLUGS 1777 


Labradorite (Anss)............- 41.2 
Potassium feldspar*........... 6.0 
0.5 

100.0 


* Estimated from the chemical analysis. 


The specific gravity computed from the mineral composition is 3.01; 
computed from the norm, it is 2.91. The specific gravity measured on 
the hand specimen is 2.98. 

Mineralogically, the main rock of the plug differs chiefly from its 


Taste 14—Analysis of olivine-biotite-augite gabbro 
(George Steiger, analyst) 


.33 48.91 
tr. 

100.26 


CIPW symbol III.5.3.3. It falls in the subrang kentallenose, which in Washing- 
ton’s tables contains 19 analyses. 
chilled border facies in containing 12.3 per cent of biotite, which is wholly 
absent in the border facies. Part of the biotite has formed at the expense 
of the olivine, which decreases from 10.8 per cent in the contact facies 
to 6.5 per cent in the interior. Without the help of a chemical analysis, 
it would not be suspected that the border facies, which is an olivine basalt 
so far as microscopic diagnosis goes, is so closely related to the biotitic 
gabbro of the interior of the plug. 
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Chemically, it falls into the theralite-gabbroid magma-type of the 
Niggli classification and is very near in its parameters to luscladite.** 

The theralitic character of the gabbro of Huerfano Butte is more mani- 
fest in the coarsest facies, already mentioned as occurring in the summit 
of the butte. This rock, unfortunately, is not as brilliantly fresh as the 
finer-grained facies, and its somewhat weathered state accounts, in part, 
for its lower specific gravity—2.84—but its higher content of analcite is 
more largely responsible. Nepheline in small quantity is also present. 
As it is subhedral, whereas the analcite occupies the angular interspaces 
between the major constituents, it is obvious that the analcite has not 
formed from the alteration of nepheline. This analcitic facies can be 
termed a biotite teschenite (= biotite-analcite gabbro). 

Dikes of the same magma-type are common in the Spanish Peaks 
system, but, of course, they are finer-grained than is this coarse facies 
in Huerfano Butte, having about the grain size of the rock at 6 feet 
from the outer edge of the plug. The magma-type represented by Huer- 
fano Butte has yielded dikes of analcitic olivine trachydolerite, tes- 
chenite, and camptonitic varieties—monchiquite and olivine fourchite. 


VOLCANIC NECK OF GOEMMER BUTTE 


Goemmer Butte, which projects about 500 feet above its surroundings 
southwest of La Veta (PI. 4, fig. 2), consists of a plug of igneous rock 
cutting through horizontal beds of sandstone and shale. Remnants of 
these beds remain against the igneous rock, high on the vertical walls of 
the butte. 

Coarse breccia of sandstone and latite fragments, in irregular associa- 
tion with massive latite, makes up the plug, which is, therefore, inter- 
preted as a volcanic neck. It is the only igneous body in the Spanish 
Peaks region that testifies to former explosive activity. It is only 7 
miles from West Peak, which is the highest point on a stock of syeno- 
diorite, but it is at an altitude 6000 feet lower. From these facts, the 
conclusion seems necessary that the voleanic neck of Goemmer Butte 
was formed during an episode of igneous activity wholly unrelated to 
that represented by the Spanish Peaks stocks and their attendant dikes 
and sills and was formed when the topography was more nearly like that 
of the present. 

The latite is exceedingly fine-grained, sparsely porphyritic, and in 
places shows multiple narrow flowbanding. Some of the apparent pheno- 
crysts prove to be xenocrysts of quartz, microcline, and plagioclase and 
small xenoliths of arkose, whose disaggregation has yielded the xeno- 


® P. Niggli: Gesteins- und Mineralprovinzen (1923) p. 168. 
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crysts. The analyzed material (analysis XVII, Table 15) is a slate-gray 
aphanite of sp. gr. 2.71. Under the microscope are seen a few micro- 
phenocrysts of augite and small xenocrysts of quartz surrounded by 
coronas of augite prisms. The matrix consists of feldspar, chiefly alkali 
feldspar, microlites of augite, and relatively abundant iron ore. The 
composition indicated is trachytic or latitic, and this is confirmed by the 
chemical analysis. 


GEOCHEMICAL FEATURES 


For convenience, the seventeen chemical analyses of the igneous rocks 
are assembled in Table 15. The analyses I to XVI are regarded as be- 
longing to a single cycle of igneous activity; but Analysis XVII, of the 
latite from the volcanic neck of Goemmer Butte, is thought to belong 
to a subsequent and unrelated episode. 

The geochemical peculiarities shown by the set of analyses (I-XVI) 
are the relatively high K,O, TiO., BaO, and SrO. In their high content 
of K.0, BaO, and SrO, the rocks of the Spanish Peaks resemble those 
of eastern Montana, but the high TiO, is a special feature of the Spanish 
Peaks province. The high titanium accounts for the prevalence of titan- 
augite in so many of the dikes of the area. 

George Steiger was so kind as to test spectrographically the rock speci- 
mens that he had chemically analyzed. Tests were made for B, Be, Cd, 
Ge, Sn, Ag, As, Bi, Pb, Sb, and Zn, by placing the specimens directly in 
the are. They were good to detect quantities down to .02 or .03 per cent 
but not to thousandths of a per cent. The results were negative, except 
that lead was indicated to be present in the pyroxene syenodiorite from 
the summit of West Peak. 

Much interest has been shown in the possibility of using barium and 
strontium as geochemical guide-elements.** After two of the analyses 
of Spanish Peaks rocks, made by George Steiger, had shown that barium 
and strontium are present in notable amounts, both elements were deter- 
mined in all ten analyses later made by R. B. Ellestad, who gave special 
attention to their accurate determination. 

Barium reaches the high maximum of 0.56 per cent of BaO in the 
augite minette from the South Fork of Trujillo Canyon. This high con- 
tent agrees with the well-known correlation of barium and potassium in 
igneous rocks, for the minette contains 5.40 per cent of K,0. The cor- 
relation for the whole series of rocks, however, is not perfect, as the 
shonkinite (analysis VI), carrying 6.36 per cent of K,0—more than any 


6 W. Noll: Geochemie des Strontiums, Mit Bemerkungen zur Geochemie des Bariums, Chem. der 
Erde, Bd. 8 (1934) p. 507-600. 
A. Holmes and H. F. Harwood: Petrology of the volcanic fields east and southeast of Ruwenzori, 
Uganda, Geol. Soc. London, Quart. Jour., vol. 88 (1932) p. 422-425. 
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other rock in the province—has only 0.07 per cent of BaO, just one- 
eighth of that in the minette. This difference may mean that the minette 
and the shonkinite had different lines of magmatic descent; that is, 
although the other chemical evidence and the field evidence indicate that 
the minettes and shonkinites are textural variants formed from magmas 
of essentially similar composition, these similar magmas may have been 
generated by dissimilar magmatic processes. There is not enough infor- 
mation available to extend this argument. 

Strontium is highest in the fourchites (analyses XIV, XV, XVI), at- 


Taste 15—Analyses of rocks of Spanish Peaks area, Colorado 


II III IV VI VII VII 
ee 73.47 69.56 59.18 54.46 53.49 52.90 47.63 46.78 
13.74 15.06 15.95 17.47 16.67 10.20 12.01 13.87 
Fe:0;...... 1.15 .96 3.00 4.25 6.04 3.61 4.20 3.00 
. er 70 1.31 3.88 2.83 2.83 4.44 4.99 8.40 
_ re 35 .85 2.74 2.90 2.71 9.06 8.31 9.55 
eee 1.24 2.14 4.73 5.91 5.97 6.91 7.28 9.53 
| ee 4.39 4.24 4.42 4.37 4.17 2.20 1.98 3.23 
a 4.52 3.97 3.63 3.06 3.74 6.36 5.40 1.74 
H.O+...... 18 .81 .56 1.61 1.43 1.73 1.83 
H.O-...... 22 10 13 .53 -46 14 .94 .05 
34 .38 1.36 1.48 1.26 2.22 1.70 
08 14 52 .69 .79 .63 1.08 
06 .03 10 .08 13 
en 09 .10 12 15 18 .07 56 10 

Less 
O=S .02 


100.53 100.05 100.48 100.16 99.96 99.60 99.67 100.07 
Sp. gr...... 2.58 2.52 2.74 2.63 2.67 2.84 2. 


I.—Granite porphyry; east flank of East Peak. George Steiger, analyst. 

II.—Granite porphyry; Devils Stairway dike. R. B. Ellestad, analyst. 
III.—Pyroxene syenodiorite; summit of West Peak. George Steiger, analyst. 

IV.—Augite syenodiorite porphyry; Bear Creek. George Steiger, analyst. 

V.—Microsyenodiorite; Bear Creek. R. B. Ellestad, analyst. 

VI.—Shonkinite; Walsenburg-La Veta road. George Steiger, analyst. 
VII.—Augite minette; South Fork of Trujillo Canyon. R. B. Ellestad, analyst. 
VIII.—Analcitic olivine trachydolerite; Bear Creek. R. B. Ellestad, analyst. 

IX.—Olivine-biotite-augite gabbro; Huerfano Butte. George Steiger, analyst. 

X.—Analcitic olivine trachydolerite; Bear Creek. R. B. Ellestad, analyst. 
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taining a maximum of 0.20 per cent of SrO. In the four rocks analyzed 
for Cross,®* from the Apishapa quadrangle, BaO and Sr0O are high, also. 
The BaO, as in the rocks of the Spanish Peaks, is highest—0.36 per cent— 
in an augite minette, but the SrO, unlike its behavior in the rocks of the 
Spanish Peaks, reaches its highest concentration—0.26 per cent—in the 
same minette. 
SUMMARY AND CONCLUSIONS 

Two stocks, one a composite mass of granite porphyry and granodiorite 

porphyry and the other of syenodiorite, underlie the Spanish Peaks. Sur- 


Taste 15.—Analyses of rocks of Spanish Peaks area, Colorado (Continued) 


IX x XI XII XII XIV XV AVI. AVE 


46.73 46.51 46.37 45.18 44.76 44.66 44.26 43.13 60.75 
13.04 18.81 11.98 12.36 12.82 13.38 14.06 12.18 16.55 
3.62 2.79 5.05 4.44 4.94 4.12 4.15 4.88 3.63 
7.85 8.55 5.16 5.72 6.03 5.64 6.13 6.40 2.49 
9.66 9.63 8.38 10.25 10.10 10.49 8.28 10.22 1.68 
10.22 9.63 9.33 10.37 9.55 10.44 10.80 10.46 4.86 
3.06 3.23 2.84 2.64 3.02 3.24 3.07 2.22 4.29 
1.93 1.73 4.34 3.08 2.28 2.67 2.44 2.59 3.54 
1.50 1.19 2:17 2.89 2.51 2.05 2.24 2.95 saa 
.33 11 Bg 1.27 39 .12 .23 .49 .10 
1.76 1.70 1.80 1.63 1.89 1.53 1.82 2.41 . 84 
76 88 1.34 1.02 93 1.00 1.07 1.18 .49 

16 18 .10 18 .18 .18 .18 

25 .06 .18 .46 
14 10 31 13 13 .19 .26 12 

Less Less Less Less 
O=Cl .03 O=S .03 O=S .02 O=S .03 


100.26 100.14 100.12 100.45 99.94 100.04 99.98 99.88 100.23 
2.98 2.95 2.86 2.95 2.89 2.92 2 


XI.—Biotite-augite vogesite; Walsen dike. George Steiger, analyst. 

XII.—Olivine fourchite; Unfug dike. George Steiger, analyst. 
XIII.—Teschenite; Bear Creek. R. B. Ellestad, analyst. 

XIV.—Olivine fourchite; Pictou dike. R. B. Ellestad, analyst. 

XV.—Olivine fourchite; border facies of dike, upper Bear Creek. R. B. Ellestad, analyst. 
XVI.—Monchiquite (olivine fourchite); Bear Creek. R. B. Ellestad, analyst. 
XVII.—Latite; Goemmer Butte, La Veta. R. B. Ellestad, analyst. 


% Whitman Cross: Dike rocks of the Apishapa quadrangle, Colorado, U. S. Geol. Surv., Prof. Pap. 
90 (1914) p. 18-27, 
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rounding them is a remarkable assemblage of dikes, estimated to exceed 
500, radiating from the two stocks. The youngest strata cut by the stocks 
and satellitic dikes are of early Eocene age, and the igneous action appears 
to have occurred during one of the later phases of the Laramide revolution. 

The dikes comprise many petrographic types, ranging from highly silicic 
to basic. Lamprophyres are notably abundant, including minettes, voge- 
sites of several kinds, and camptonites, mainly olivine fourchites, as here 
defined. This mixture of alkalic and subalkalic lamprophyres will prob- 
ably suggest to systematists following the Rosenbusch classification that 
the Spanish Peaks region is a realm of petrographic anarchy, but, on the 
other hand, it can be taken to suggest that the terminology oi the lampro- 
phyres needs to be reformed. 

The dikes range from 2 to 60 feet in thickness, those about 10 feet thick 
being most common. Many of the dikes are ocellar; more are amygda- 
loidal. Amygdules of calcite and zeolite are formed in dikes even of 
phanerocrystalline texture. The hypsometric range between the lowest 
altitude—8000 feet above sea level—at which dikes belonging certainly 
to the retinue of the Spanish Peaks stocks are amygdaloidal and the sum- 
mit of West Peak, at 13,623 feet, which consists of plutonic rock and 
hence was some distance below the former surface, exceeds 5000 feet, thus 
indicating that amygdaloidal habit has developed in the dikes through a 
very considerable vertical interval. If the amygdaloidal trachydolerite 
dikes are also members of the retinue, the vertical range is increased to 
7000 feet. 

A striking feature of the igneous geology of the area is the diversity 
of grain-size in different dikes. The silicic dikes are aphanophyres, re- 
gardless of their thickness, but many other dikes are coarsely phanero- 
crystalline, are of “plutonic” habit. These plutonic dikes and related 
sills such as those at Bradford Lake have drastically chilled margins, but, 
within a few inches or feet of the contact, they are coarse-grained phane- 
rites. Plutonic dikes are exposed many miles from the stocks, far outside 
the thermal aureole of stocks; and most of them prove microscopically 
to be analcitic. Manifestly, the high water content of the magma, which 
promoted the development of analcite in the epimagmatic stage,®* caused 
the magma to solidify as a coarse phanerite in relatively narrow dikes and 
sills intrusive into cold rocks. The Spanish Peaks region powerfully en- 
forces the well-known principle, mostly honored in the breach, that 
chemical composition, rather than depth in the crust, is the controlling 
factor in determining the texture of igneous rocks. 


° A term proposed by F. Becke for the stage in which analcite forms—i.e., the stage of transition 
from molten solution to aqueous solution [A. Pelikan: Ueber Analcim-basalte, Tscherm. Min. Pet. 
Mitt., Bd. 33 (1914) p. 187-193). 
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The igneous rocks were injected during at least seven pulses. About 
twenty informative intersections were found, most of them by the aid of 
the excellent maps of Hills, but, because of the diversity of petrographic 
types and varieties, these intersections are not enough to place all the 
dikes in their proper order. The sequence is as follows: 


1. Granite porphyry stock of East Peak; granite porphyry dikes 

. Granodiorite porphyry of East Peak stock; biotite diorite porphyry 
dikes 

. Pyroxene syenodiorite of West Peak stock 

. Microsyenodiorite 

. Teschenite, camptonites, and shonkinite; trachydolerite 

. Augite syenodiorite porphyry 

. Camptonite; biotite lamprophyres, comprising minette and biotite- 
augite vogesite; and augite vogesite. 


bo 


“1D 


Probably most notable in the sequence is the injection of camptonitic 
dikes both before and after the intrusion of the augite syenodiorite 
porphyry dikes, which are numerically the most abundant of the dikes. 
The camptonitic dikes, of the variety here termed olivine fourchite, are 
chemically and petrographically identical in both pulses of injection. 

Heteromorphism is exemplified by certain dikes, notably by the Bear 
Creek dike, which ranges from olivine trachydolerite to olivine-biotite 
teschenite. In addition to the diverse facies thus caused by heteromorph- 
ism, evidently by changes in the water-content of the magma during 
solidification, there is the variation caused by rapid cooling. The olivine- 
biotite teschenite has lamprophyric borders, and dikes below a minimum 
thickness have consolidated from wall to wall as lamprophyre. Thus, 
magma of the same composition has, because of heteromorphism and 
cryptomorphism, given rise to diverse kinds of rocks. 

In conclusion, the Spanish Peaks region is remarkable not only for its 
well-developed system of radial dikes, but it is also remarkable—and this 
was a wholly unanticipated result of the present field study—for its rich 
variety of igneous rocks. They comprise a mixture of alkalic and sub- 
alkalic types. Lamprophyres are notably abundant, including minettes, 
vogesites, and camptonitic varieties, mainly fourchites and monchiquites. 
Most of these are of unexampled freshness. Because of this abundance 
of lamprophyres, some questions of nomenclature have arisen. The term 
lamprophyre is used in the present paper only for mesocratic and melano- 
cratic rocks, i.e., those containing more than 3714 per cent of mafites by 
volume—which are of porphyritic habit and in which this porphyritic 
fabric is the result solely of the recurrence of the mafic minerals in two 
generations. Characteristically, the mafites are euhedral, even to the 
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minutest individual in the groundmass. This feature excludes the basalts 
from the lamprophyres, which some petrographers, notably Weinschenk 
and Cross, would include with them. It has seemed best to use the term 
lamprophyre in a petrographic sense and not in the genetic sense of 
Rosenbusch. 

The great diversity of igneous rocks in the dike aureole of the Spanish 
Peaks stocks is the result of magmatic differentiation at the two main 
centers of intrusion, of differentiation at outlying centers, of heteromorphic 
variation, of rate of cooling, and of differing water-content of the magmas 
of the dikes, which difference may have been brought about by magmatic 
differentiation, or by the retention of water to a late stage of consolidation, 
thus causing the analcite-bearing varieties to form, or even by the acqui- 
sition of water from the enclosing strata. 

These rocks include some of the types first found in the classic area of 
the Highwood Mountains of Montana. The conditions that gave the 
peculiar stamp to the petrographic province of Montana bordering the 
east flank of the Rocky Mountains were repeated along the front of the 
Rocky Mountains in Colorado, and probably continue southward into 
New Mexico and Texas. The chemical peculiarity of this entire belt is the 
high content of alkalies, with potassium predominant, causing the forma- 
tion of such high-potash rocks as shonkinite. Barium and strontium also 
are notably abundant. In Colorado, this condition prevails not only 
around the Spanish Peaks center of intrusion but extends as far as 
Two Buttes, 150 miles east of the front of the Rocky Mountains. 
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INTRODUCTION 


Studies of the distribution, thickness, and general character of sedi- 
mentary rock formations furnish ground for certain lines of attack on 
problems of continental tectonics and evolution. For example, from 
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observation of the contrast in the total thickness and structure of rock 
strata in various mountain belts as compared with broad lowland regions 
of the continents the concepts of geosyncline and stable platform have 
been mainly derived. Both in geosynclinal and in stable platform areas, 
unconformities and the shallow water or subaerial character of the sedi- 
mentary deposits appear to indicate that subsidence of the underlying 
crust approximately kept pace with the rate of sedimentation. Strati- 
graphic and areal distribution of different clastic sediments indicates in 
certain cases that the chief sources of these materials were elongate tracts 
that were periodically upraised more or less strongly. These are geanti- 
clines, parallel to and adjoining the geosynclines. 

The purpose of this paper, which gives only brief notice to generally 
known stratigraphic evidence that is applied to continental structure 
with approximate uniformity of interpretation, is to call attention to the 
tectonic signification of some less well known evidence, which, however, 
may have far-reaching importance. Little or no discussion is given to 
questions of the mechanism by which certain results are produced, for 
most of these questions lead too far from the stratigraphic starting-point 
into the fields of dynamic and structural geology. 


MAJOR TECTONIC ELEMENTS OF CONTINENTS 


On the basis of the character of sedimentary formations (lithology, 
distribution, and thickness) aud, concomitantly, on the basis of their 
associated structural features, the continents have been divided into 
major tectonic elements—the stable continental platform, on the one 
hand, and the relatively mobile belts of geosyncline and geanticline, 
mainly peripheral to the platform, on the other. 

Dominant, at least in magnitude, is the great “stable platform” area, 
the outstanding feature of which appears to be tectonic stability. The 
pre-Cambrian rocks of this platform give evidence of having been greatly 
deformed and then peneplaned one or more times by erosion. During 
the eras in which geologic history can be read in terms of fossil-bearing 
sedimentary formations—that is, since the beginning of Paleozoic time 
—the stable platform appears to have suffered neither great vertical 
movement nor considerable horizontal deformation. The stratigraphic 
characters that are especially associated with the stable platforms are 
wide distribution, general uniformity, and the relative thinness of many 
sedimentary formations. Marine deposits of shallow-water origin, mostly 
limestone or dolomite and calcareous shale, predominate, and the fine 
grain or other lithologic features indicate the generally distant source of 
the sediments. 
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The stable platform may be divided somewhat arbitrarily into two 
parts: (1) the so-called nuclear elements, or “shields,” in which the pre- 
Cambrian basement rocks are exposed, and (2) the slightly less protuber- 
ant tracts in which the pre-Cambrian basement rocks are concealed by a 
relatively thin cover of subhorizontal strata. The attitude of the shields 
reflects either an essential absence of downward (negative) vertical 
movement during post-Algonkian time, or a slight excess of upward 
(positive) movements. The varying thickness of the sedimentary cover 
and the irregular configuration of the pre-Cambrian rock surface pro- 
vide grounds for differentiation of subordinate tectonic elements, such as 
basins, domes, and “buried hills” (Figs. 1, 3). 

In strong contrast to the stable platform areas are belts, mainly periph- 
eral, that are characterized by mobility. These comprise the geosyn- 
clines and the geanticlines, some of the latter being appropriately known 
also as “borderlands.”! The Appalachian geosyncline is a classic example 
of a continental belt that for a long time subsided periodically and ulti- 
mately sank to great depths. Appalachia, Novascotica, and Cascadia 
are geanticlinal borderlands that were periodically elevated until the 
aggregate upward movement must be reckoned in thousands, and prob- 
ably in tens of thousands, of feet.2 The existence and general character 
of these continental tectonic elements are too well recognized to require 
more than mention, although attention will be drawn later to certain 
stratigraphic evidence that furnishes significant testimony concerning 
the evolution of geosynclines and geanticlines. 

Study of the genesis of major features of the continents cannot ignore 
relationship of continental areas to contiguous oceanic basins, for the 
indications of average specific gravity differences of continental and 
oceanic crustal segments, on which topographic differentiation is deter- 
mined to be isostatically established,* and the structural evidence of 
horizontal forces, directed from oceanic toward continental segments, 
support the conclusion that tectonic conditions and the nature of earth 
forces beneath oceanic basins affect the evolution of continents. No lines 
of stratigraphic evidence, however, bear on the tectonic nature and his- 
tory of ocean areas, unless the implications of certain stratigraphic fea- 
tures of the continents, such as recurrent widespread submergences and 
emergences, can be accepted. Oceanic segments appear to affect directly 


1 Charles Schuchert: Sites and nature of the North American geosynclines, Geol. Soc. Am., Bull., 
vol. 34 (1923) p. 151-230. 

2 Joseph Barrell: Upper Devonian delta of the Appalachian geosyncline, Am. Jour. Sci., 4th ser., 
vol. 37 (1914) p. 87-109, 225-253; The nature and environment of the Lower Cambrian sediments of 
the southern Appalachians, Am. Jour. Sci., 5th ser., vol. 9 (1925) p. 1-20. 

8 W. H. Bucher: Deformation of the earth’s crust, Princeton Univ. Press (1933) p. 44-51. 

H. 8S. Washington: Isostasy and rock density, Geol. Soc. Am., Bull., vol. 33 (1922) p. 393. 
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the tectonic conditions of continental segments, and, indirectly, the 
water-holding capacity of the ocean basins controls sea level and thus 
affects the stratigraphic record and at least some tectonic features of the 
continents. In general, the ocean basins appear to have increased in size 
and depth; probably increment from juvenile water during the course 
of geologic time has added appreciably to the volume of the oceans, but 
it does not necessarily follow that oceanic reservoirs have increased con- 
stantly and steadily. That ocean basins are perhaps as much as one- 
fourth greater in volume now than in pre-Cambrian time is indicated by 
evidence of former extensive land areas in present oceanic regions. Such 
lands (for example, large portions of Appalachia, Llanoria, Cascadia, 
Atlantis, Gondwana, and others) were existent at times when continents 
were mostly emergent as well as during times of transgression of con- 
tinents by shallow seas. The total volume of the water of shallow epi- 
continental seas at any time must have been only a rather minute frac- 
tion of the water in all the ocean basins, and there is no evidence that 
any considerable parts of the present continents were ever deeply sub- 
merged by ocean waters. 


EVIDENCE CONCERNING EVOLUTION OF STABLE PLATFORM AREAS 
POSITIVE NUCLEAR “SHIELD” REGIONS 


Extensive portions of the stable platform, such as the Canadian Shield 
in North America, are composed of pre-Cambrian rocks, most of which 
show evidence of marked deformation and subsequent peneplanation. 
The clear nature of the peneplain surface in most places signifies that 
there has been insufficient uplift and erosion since it was made to destroy 
evidence of it. 

Does this indicate that the peneplain was formed in comparatively 
recent geologic time, during Cenozoic, or possibly Mesozoic, time? To 
such an extent as a pre-Mesozoic (or pre-Paleozoic) peneplain in the 
Canadian Shield region was above base level in later geologic eras, it 
would be modified and perfected, or, under certain conditions, exhumed, 
and possibly modified, by erosion. Stratigraphic, and to some extent, 
physiographic evidence supports the conclusion that the widespread pene- 
plain of the Canadian Shield region is mainly of ancient origin, for the 
erosion surface appears to be continuous southward with the peneplain 
beneath the horizontal early Paleozoic strata, and, in the Hudson and 
James Bay area, it may be projected beneath extensive, but thin, Ordo- 
vician and Silurian subhorizontal beds. Numerous small scattered rem- 
nants of Paleozoic deposits far from the borders of the Shield, and the 
peneplaned character of the pre-Cambrian rocks beneath the Devonian 
or other Paleozoic rocks along thousands of miles of contact at the west- 
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ern and northern borders of the Shield, clearly indicate that the present 
surface of most, if not all, of this great area of exposed pre-Cambrian 
rocks in North America is little modified from the pre-Cambrian pene- 
plain that existed in this region. 

Confirmatory stratigraphic evidence is found in the lack of indica- 
tion that any appreciable amount of the Paleozoic or younger sediments 
along the flanks of the Canadian Shield were derived from the Shield. 

Thus, the inference concerning the tectonic history of this relatively 
positive portion of the stable platform is that, excepting Labrador, which 
has recently been elevated as much as 6,000 feet, it has not suffered any 
considerable upward or downward movement since the beginning of 
Paleozoic time. There is no indication that it has been affected any- 
where by mountain-making compressive movements in post-Algonkian 
time. It is a rigid segment of the continent, which has long maintained 
stability of position, its surface having remained near sea level through- 
out the Paleozoic and subsequent eras. 


NEGATIVE REGIONS 


General character —That portion of the stable platform here designated 
as relatively negative, hardly warrants separation from that designated 
as relatively positive, for the distinction probably has little, if any, real 
tectonic significance. Schuchert has called it the neutral region. It is 
convenient, however, to separate this slightly negative part of the plat- 
form, (1) because a veneer of sedimentary deposits permits definite con- 
clusions as to certain tectonic characteristics, and (2) because this frac- 
tion of the continental area, in which the pre-Cambrian basement is more 
or less thinly masked by subhorizontal strata, is generally considered in a 
category distinct from that of the “shield,” or continental “nucleus.” 
Even in the sense of considering the “nucleus” as a source of sediments, 
the relatively negative portion of the stable platform has furnished some 
sediments to other areas, but these sediments were derived from the re- 
working of sedimentary layers rather than from the pre-Cambrian crys- 
talline rocks. The neutral, or relatively negative, regions have been trans- 
gressed more frequently and occupied for longer times by invading seas, 
than has the relatively positive area of the shield, and the pre-Cambrian 
surface has been gradually depressed from some hundreds, to, at most, a 
few thousands of feet (up to 3,000, and locally to 6,000, feet) during the 
time in which the stratified deposits accumulated. Otherwise, the rela- 
tively negative regions differ in no essential respect from the relatively 
positive areas. 

According to present knowledge, considerable tracts of the relatively 
negative southern portion of the stable platform have been depressed 
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nearly uniformly, and it is evident that, from a tectonic standpoint, 
these have acted as a unit. Some districts have subsided more than 
others, forming shallow stratified rock basins, and other areas have been 
depressed less, resulting in the formation of domes, or “uplifts.”* Pos- 
sibly, tectonic features such as the Cincinnati Arch and the Ozark Dome 
have been accentuated by secular differential elevation, but, clearly, they 
have participated in the subsidence that distinguishes the so-called rela- 
tively negative regions; also, they could have been formed entirely as a 
result of differential subsidence. The basins and domes are parts of the 
buried pre-Cambrian peneplain and are tectonic units, distinguished by 
the cumulative effects of vertical movements that may differ from one 
another only in degree. The structural and stratigraphic features known 
as “buried hills,” and, possibly, conversely, the crater-like structural de- 
pressions discovered in deep drilling, indicate a smaller scale of progres- 
sive accidentation of the pre-Cambrian surface—considered as a datum 
surface of the stable platform—than is presented by the domes and 


basins. 


Basins.—Evidently the central part of a basin has been depressed 
more than the marginal portions, but this does not necessarily mean that 
subsidence has been steady or graduated in any definite manner between 
center and margin. Investigation of the distribution and thickness of 
sedimentary units, and the position of disconformities, may lead to the 
conclusion that an area initially lacking the structure of a basin subse- 
quently acquired it as the result of deposition of a greater thickness of 
sediments and greater subsidence. The nature of the deposits and the 
position of disconformities indicate that, throughout the time of sedimen- 
tation, the basin was practically without topographic expression. If 
these conclusions are supported by stratigraphic observations, probably 
the most significant factor in the origin and development of the basin 
is the structural character or average high density of the basement rocks. 
The geographic relations and the structural plan of most of the basins 
furnish sufficient indication that lateral pressure has no direct part in 
the initiation or later accentuation of the basins. 

Specific and illuminating evidence as tc the nature of the subsidence in 
a typical basin of the stable continental platform is afforded by Penn- 
sylvanian deposits of the Illinois-Indiana coal basin, lying between the 
Ozark and the Cincinnati domes, and by Pennsylvanian and Permian 
deposits of the northern Mid-Continent basin in Iowa, Nebraska, Mis- 
souri, Kansas, and Oklahoma, lying between the Ozark and the Siouxia 


«R. G. Moss: Buried pre-Cambrian surface in the United States, Geol. Soc. Am., Bull., vol. 47 
(1936) p. 935-966. 
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domes. The rocks in these basins range in total thickness from a few 
hundreds to some thousands of feet. They consist of alternating marine 
and nonmarine layers, which exhibit the peculiarities of cyclic sedimen- 
tation and many of which show extreme persistence of thin stratigraphic 
units. Present knowledge of surface and subsurface stratigraphy in 
these basins makes possible precise identification of innumerable lime- 
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Ficure 1—Typical disconformities and variation in thickness of stratigraphic units 
in basins and domes 


stone beds, shale and sandstone masses and coal beds. Several dozen 
times, the sea was alternately present and absent throughout most 
of these basins.° In most of the marine deposits the various stages of 
advance and retreat of the sea can be differentiated on the basis of faunal 
associations, for the invertebrates adapted to life in shallow near-shore 
environment differ from those of a slightly deeper off-shore environment, 
and these, in turn, from those of the more central regions but still shallow 
water, habitat. The character of nonmarine sediments with land plants 


5H. R. Wanless: Pennsylvanian cycles in western Illinois, Ill. Geol. Surv., Bull. 60 (1931) p. 179-193. 

H. R. Wanless and J. M. Weller: Correlation and extent of Pennsylvanian cyclothems, Geol. Soc. 
Am., Bull., vol. 43 (1932) p. 1003-1016. 

J. M. Weller: Cyclical sedimentation of the Pennsylvanian period and its significance, Jour. Geol., 
vol. 38 (1930) p. 97-135. 

Raymond C. Moore: Pennsylvanian cycles in the northern Mid-Continent region, Ill. Geol. Surv., 
Bull. 60 (1931) p. 247-257; Stratigraphic classification of the Pennsylvanian rocks of Kansas, Kan. 
Geol. Surv., Bull. 22 (1936) 275 pp. 

6M. K. Elias: Cycles of sedimentation in the Big Blue series of Kansas, Geol. Soc. Am., Pr. 1933 


(1934) p. 366. 
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only permits certain inferences concerning physical conditions during 
times when the sea did not cover the basins. The surface of sedimenta- 
tion in these basins must have maintained a nearly featureless smooth- 
ness and horizontality, a surface whose highs and lows are measured in 
a few feet. 

The aceumulation of hundreds or thousands of feet of these alternating 
marine and nonmarine sediments must have been accompanied by (1) a 
corresponding rise of sea level if there was no subsidence of the floor of 
the basins, (2) a corresponding subsidence of the floor of the basins, 
if there was no rise of general sea level, or (3) some subsidence of 
the floor of the basins together with some rise of general sea level. 
There is every reason to conclude that the shallow seas that recurrently 
invaded the continental interior of North America during Pennsylvanian 
and Early Permian time were connected with the outer oceans, and, 
therefore, that any change of sea level was conditioned by oceanic level. 
One may immediately rule out the first suggestion, that there was no 
subsidence of the floor of the basins and that rise of sea level kept approx- 
imate pace with the increasing thickness of sediments, because the actual 
thickness of equivalent sediments in different basins and in different 
parts of the same basin varies considerably. On the other hand, all the 
observed relations can be explained on the basis of either the second or 
the third suggested alternatives. If it is deemed improbable that sedi- 
mentation was compensated wholly by subsidence, a major part must cer- 
tainly have been compensated by subsidence. 

Another aspect of subsidence is its rate and, as a corollary, its manner. 
Is there any basis for judgment as to whether the subsidence, though 
differing in amount in different places, proceeded at approximately uni- 
form rate in any given part of a basin, or, on the other hand, whether it 
occurred spasmodically? May conditions have been somewhat stable for 
a time, until disturbance of equilibrium caused relatively rapid sub- 
sidence and the establishment of a new equilibrium? The latter sugges- 
tion is strongly indicated by the alternating succession of rapidly de- 
posited clastic sediments (especially coarse sandstone) and slowly formed 
limestone beds. How does this bear on the mechanism and the quantita- 
tive aspects of isostatic adjustment? The important observational data 
here are the repeated marine invasions and regressions, accompanied by 
accumulation of sediment. Some of these invasions and regressions ex- 
tend from the area west of the Ozarks to Pittsburgh, Pennsylvania. It is 
necessary to conclude that there was subsidence, but, except as regards 
approximate total amount in a given place, this conclusion is as yet 
qualitative only. In a basin covered by a shallow sea, infilling of sedi- 
ments can cause the sea to disappear, and another transgression can re- 
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occupy the basin only if there is subsidence of the floor of the basin or 
if there is a rise of mean sea level. 

Shepard and Wanless’ have postulated oscillatory changes of sea level 
in Late Paleozoic time, due to waxing and waning of continental glaciers 
in the southern hemisphere, but, aside from the question of the adequacy 
of this mechanism as explanation of scores of marine invasions and re- 
treats during Pennsylvanian and Permian time in North America, there 
is no ground for thinking that the mean of the oscillatory levels should 
rise gradually, and, furthermore, the fact of differential subsidence in the 
basins cannot be ignored. As differential subsidence is clearly indicated, 
it is reasonable to conclude that subsidence alone is adequate to account 
for return of the sea to a basin after it has been expelled by previous in- 
filling. There are stratigraphic indications of the relative suddenness 
and great geographic extent of many of the marine incursions. Although 
actual changes of sea level may have caused some of the advances and 
retreats of marine waters in continental basins—and factors other than 
glaciation may have operated in this direction—most of the sea inva- 
sions were probably produced by subsidence of the basins amounting to 
50 feet, or less, and, instead of gradual continued subsidence, which 
would have permitted more or less uninterrupted marine sedimentation, 
conditions were fairly stable until the filling of the basin by sediment, as 
recorded by the change to subaerial sedimentation, caused renewal of 
sinking and re-invasion by the sea. As, in some places, the entire aver- 
age thickness of the cycle of marine and nonmarine deposits is as little 
as 10 feet (in other places it is more), the indicated relationship between 
sedimentation and subsidence indicates a surprising delicacy of adjust- 
ment and implies a nearly continuous state of approximately complete 
isostatic equilibrium. 

If it be argued that recurrent sinking is not attributable merely to load- 
ing—because the amount of load represented by a single cyclothem ap- 
pears much too small to be capable of producing isostatic adjustment, 
and because displacement of dense basement rocks by relatively light 
sedimentary deposits is limited by differences in density to a fraction of 
the thickness of the sediments deposited—the fact remains that the sur- 
face of sedimentation was alternately just below and just above the sea 
level datum throughout areas totalling, at times, tens of thousands of 
square miles in the basin. The delicacy of adjustment of this relation- 
ship between surface of sedimentation and sea level, and its persistence 
over exceedingly large areas in Pennsylvanian and Permian basins, ap- 
pear to deny the possibility that progressive subsidence was due mainly 


7H. R. Wanless and F. P. Shepard: Sea level and climatic changes related to Late Paleozoic cycles 
of sedimentation, Geol. Soc. Am., Bull., vol. 47 (1936) p. 1177-1206. 
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to some cause other than loading. Compaction, which is most important 
in volumetric changes of clayey sediments and coal deposits, must be 
considered, but this factor does not seem to be a possible independent 
cause of marine invasion. On the other hand, compaction of buried 
sediments should increase the amount of deposition necessary to fill, and 
thus to expel, a shallow sea. . 

Because there are some fairly widespread but thin (1 to 2 feet thick) 
tongues of marine sediments, intercalated in nonmarine, or at least un- 
fossiliferous, beds, it may be contended that actual elevation and later 
depression of sea level must be inferred, for the thickness of deposits is 
much too small to permit acceptance of the conclusion that subsidence, due 
to loading alone, controlled the spread of the sea and that infilling by sedi- 
ments caused its retreat. Either the sea was withdrawn because of low- 
ering of relative sea level, or some of the unfossiliferous beds above the 
determined marine band must have been deposited in the shallow sea, 
filling and displacing it. It does not seem reasonable to think that, over 
thousands of square miles, the sea may have been less than 5 feet deep. 

Worthy of record in this connection is the irregular variation in thick- 
ness of certain deposits that comprise a single cycle of sedimentation in 
the Pennsylvanian of the northern Mid-Continent region, in association 
with a remarkably uniform aggregate thickness of a group of contiguous 
cyclic sedimentary deposits in a basin where marine strata predominate 
and stratigraphic conditions are generally uniform. In south-central 
Kansas, the thickness of the Vilas shale varies between 5 and 90 feet. 
The overlying Plattsburg limestone varies between 10 and 90 feet in 
this area, but the combined thickness of Vilas and Plattsburg ranges only 
from 95 to 100 feet. Similarly, the thickness of the Tarkio limestone and 
overlying Pierson Point shale varies between 20 and 52 feet along 65 
miles of outcrop in central Kansas, but in this area the thickness of the 
Wabaunsee group, of which these beds are a part, varies only between 
452 and 460 feet. The excess local thickness of one unit is compensated 
by diminished thickness of adjacent ones, so that the distance between 
suitably spaced marker beds is remarkably uniform. These minor varia- 
tions need not signify corresponding variations in subsidence but are, 
rather, local irregularities of sedimentation. 


Domes.—Structural domes, such as the Cincinnati Arch and the Ozark 
Dome, are characterized by diminished thickness of stratigraphic units 
in the central zone, by the greater prominence of disconformities in the 
center of the dome, and, correlated with these, by central overlap of 
formations that are well developed peripherally. Thus, the Cincinnati 
Arch and the Nashville Dome are not merely broad anticlinal swells that 
came into being as a result of deformation in post-Pennsylvanian time, 
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presumably during the period of Appalachian folding. Stratigraphic 
testimony indicates, rather, that they were far less deeply covered by 
sediments and far less continuously the site of sedimentation throughout 
Paleozoic time than were neighboring areas.* Also, in some instances, the 
rocks and faunas on one side of a dome are entirely different from those 
on the opposite side. They are parts of the stable platform that have 
been less affected by subsidence. All the present structural relations of 
this region appear to be explainable as the cumulative effects of this 


Figure 2.—Cross-section of the Nashville Dome, central Tennessee 


(1) Canadian, (2) Stones River, (3) Carters, (4) Lowville, (5) Hermitage, (6) Bigby, (7) Cannon, 
(8) Catheys, (9) Leipers, (10) Richmond, (11) Brassfield, (12) Osgood, Laurel, Waldron, Lego, (13) 
Dixon, Bob, Beech River, (14) Lobelville, (15) Decatur, (16) Lower and lower Middle Devonian, 
(17) Chattanooga, (18) Mississippian, (19) Pennsylvanian. 1-10, Ordovician; 11-15, Silurian. (Modi- 
fied from C. W. Wilson, Jr.) 


vertical movement, which is probably mainly, if not entirely, downward. 
Wilson ® has called attention to a marked general parallelism in the in- 
ferred epochs of relative elevation and depression of the Nashville Dome 
and of Appalachia, explaining this as the effect of periodic vertical bulg- 
ing in the area of the dome, due to deep-seated stresses “transmitted west- 
ward from Appalachia.” The fact that this parallelism may be extended 
to the Ozark Dome, the Central Kansas Uplift, and, to some extent, even 
to the Black Hills Dome—not to mention others—suggests that the 
underlying cause is not horizontal pressure in a deep plastic zone. 

The Ozark Dome and the Llano Uplift are clearly of ancient origin; 
periodic accentuation of structural features by the continued differential 
nature of the vertical movement, chiefly subsidence, has affected these 
areas. Deep drilling for oil and gas has revealed the existence of various 
domes, such as the Central Kansas Uplift and the extensive area of 
granitic rocks at relatively shallow depth in northeastern New Mexico, 
which are concealed by nearly flat-lying strata of the continental plat- 


8C. W. Wilson, Jr.: The pre-Chatt devel: t of the Nashville dome, Jour. Geol., vol. 


43 (1935) p. 449-481. 
® Op. cit., p. 464-469. 
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form. Various formations on the flanks of these buried “highs” are ab- 
sert in the central part. The origin of these features is evidently to be 
found in differential vertical movement rather than in compressive hori- 
zontal forces. 

If the domes began to develop in the comparatively distant geologic 
past and have gradually become more clearly defined bv differential ver- 


Ficure 3.—Typical “buried hill” 


tical movements, probably the underlying cause is to be found in the 
nature of the pre-Cambrian basement. Presumably, these parts of the 
stable platform are composed of rocks that are somewhat less dense than 
those of adjacent areas, which have subsided more. Possibly, also, struc- 
tural conditions in the pre-Cambrian materials of the stable platform 
may partly affect the localization of differential vertical movements. 


Buried hills —To students of petroleum geology, and especially to work 
of the late Sidney Powers,’® the world owes its present knowledge of 
“buried hills.” Many examples of buried hills have been found in deep 
drilling. 

Commonly, but not invariably, the buried structure has the topo- 
graphic form of a hill. Its significant feature is that the steepness of 
dip of rocks in the “hill,” or in strata immediately overlying it, is greater 
than at shallow depths. The progressive accentuation of structure with 
increase in depth has been considered as due partly to effects of sedimen- 


10 Sidney Powers: Reflected buried hills and their importance in petroleum geology, Econ. Geol., 
vol. 17 (1922) p. 233-259. 
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tation and partly to differential compaction, but in several places evi- 
dence shows recurrent differential vertical movement in which the buried 
hill has been elevated more (or depressed less) than the surrounding area. 

If differential vertical movement involving the rocks of the buried or 
subsurface platform is a factor in producing buried hills, the process is 
entirely similar to that involved in the formation of the enormously 
larger domes, and, therefore, it may be assumed that the cause is similar. 


EVIDENCE CONCERNING EVOLUTION OF MOBILE BELTS 
GEOSYNCLINES 


A geosyncline differs tectonically from a basin of the stable platform in 
degree rather than in kind, in the vastly greater ultimate depression of 
its floor rather than in the mode of depression and, presumably, in the 
causes of subsidence. In the geosyncline, as in the basin, evidence is 
abundant that invading seas were shallow and that at times subaerial 
sedimentation or erosion prevailed in much of the area. Although geo- 
synclines are typically elongate belts, which may have a somewhat sin- 
uous course, they appear to be located between the approximately neutral 
stable platform area of a continent, and a strongly positive crustal belt 
of variable width (geanticline). Bucher‘ has properly emphasized the 
necessarily paired relationship of geosyncline and geanticline, in which, 
as a result of initiating isostatic or tectonic differentiation, an enormous 
total transfer of rock material is effected by erosion of the geanticline and 
sedimentation in the geosyncline. Whether or not basins of the stable 
platform possess potential tectonic characteristics of geosynclines, differ- 
ing only in the absence of an adjacent strongly positive area that might 
furnish a large volume of sediments, the development of the geosyncline 
is genetically linked to that of its neighboring geanticline. 

Stratigraphic study of geosynclinal deposits establishes the conclusion 
that the great bulk of the sediments in such a belt was derived from the 
bordering geanticline, and the character of the formations shows that 
the general plane of sedimentation was never much below or much above 
sea level. Thus, subsidence of the floor of the geosyncline must have 
been progressive and the total amount of sinking is related directly to 
the total uplift of the geanticlinal area. Through successive hundreds of 
feet of geosynclinal deposits the recurrence of ripple marks, dominance 
of clastics and repeated conglomerates, irregularities of bedding due to 
current action, presence of disconformities and shallow-water inverte- 
brates, and other evidences of sedimentation not far from sea level, in- 
dicate that the rate of sinking kept approximate pace with accumulation 
of sediments. 


W. H. Bucher: op. cit., p. 8-15. 
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The Pennsylvanian formations of the Appalachian, the Ouachita, and 
the Arbuckle geosynclines furnish indication that subsidence was not 
strictly continuous but was recurrent. Most of the deposits are of sub- 
aerial origin, but the definitely cyclic character of the stratigraphic suc- 
cession, in which a regular series of sedimentary environments was re- 
peatedly initiated, carried through with varying completeness, and then 
interrupted, implies that subsidence was geologically frequent and inter- 
mittent. Some of the subsidences permitted the sea to gain access to the 
geosynclinal area for only a short time, an inference that corresponds to 
the one concerning subsidence in the interior continental basins. Even 
though the recurrent sinkings of the geosyncline were three to six times 
greater than those of the basins, few of them probably exceeded a few 
tens of feet, except locally. Similarly, various Paleozoic deposits of the 
Appalachian geosyncline show fairly regular recurrent conditions of sedi- 
mentation, and the conditions of some periods or epochs were very differ- 
ent from most of the others. 

Ulrich,’ Butts,1* and others in studies of Appalachian geology, and 
Bartling,* in work on certain European geosynclinal areas, have given 
special consideration to the differentiation of subordinate troughs, which 
sink so that intervening narrow belts have the character of anticlinal 
axes. Some subordinate troughs of a geosyncline appear to have sub- 
sided not only in unequal amounts but each one independently of any 
other. This partition of the geosynclinal area into subordinate troughs 
probably originates in tectonic conditions that are expressions mainly 
of horizontal compression that produces incipient folding. Observations 
in the deep mines of the Ruhr coal basin show that troughs and anti- 
clinal axes in the lower part of the basin are much more strongly defined 
than in the upper part. Whether or not this is due partly to recurrent 
folding or entirely to differential subsidence is not known. 

Stratigraphic study of the evolution of a geosyncline includes deter- 
mination of the time of orogenic movements that affect the belt of thick 
sedimentary deposits, not with the causes or the dynamic and structural 
aspects of mountain-building, or the later physiographic evolution of the 
mountain belt. Stratigraphic, as well as structural, implications are 
found in the observation that the mountain-building compressive forces 
appear almost universally to be directed against the geosyncline from 
the side of the bordering geanticline, and, presumably, beyond that, from 


2E. O. Ulrich: Revision of the Paleozoic systems, Geol. Soc. Am., Bull., vol. 22 (1911) p. 293, 
320-348. 
18 Charles Butts: Variations in Appalachian stratigraphy, Wash. Acad. Sci., Jour., vol. 18 (1928) p. 


357-380. 
44 Richard Bartling: Das verhdltnis zwischen Sedi tation und Tektonik in Ruhrbezirk, Congrés 


de Stratig. Carbonifére, Heerlen, C. R. (1927) p. 53-84. 
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the adjacent oceanic block of the earth’s crust. If, as outlined later in 
this paper, orogenic movements in a geosyncline are accompanied by 
changes that affect sea level generally, this has profound stratigraphic 
importance. 

The disturbance of isostatic adjustments, which presumably is the 
main cause of long-continued sinking in a geosyncline, as sediments are 
loaded, should ultimately disappear when the column of relatively light 
geosynclinal sediments and underlying basement rocks balances a corre- 
sponding column of geanticlinal rocks made gradually heavier by rise 
of dense materials nearer to the surface, as a result of repeated uplift 
and truncation of the geanticline. Whether or not this condition is at- 
tained, the thick belt of structurally weak materials of a geosyncline 
comprises a zone that yields readily by folding and faulting, where hori- 
zontal compressive forces are exerted. In addition to density changes 
that have been inferred in geosynclinal and geanticlinal belts, due to 
lag in equalization of subsurface heat—changes that tend respectively 
to decrease the density of geosynclinal rock columns (by heating) and 
increase that of geanticlinal columns (by cooling)—removal of material 
by erosion of geosynclinal mountains, and its transfer in considerable 
part to the former geanticlinal tract, reverses the direction of vertical 
movements required to re-establish isostatic equilibrium. Consequently, 
as in the case of the Appalachians, the mountain belt is periodically 
elevated and the adjacent former geanticlinal area is periodically de- 
pressed under an increasing burden of sediments. Recent studies bear- 
ing on the thickness of sediments of the Atlantic continental shelf of 
North America indicate that post-Paleozoic subsidence of former geanti- 
clinal crystalline rocks in the region is much greater than had been 
supposed, amounting, in part at least, to several thousands of feet.’® 


GEANTICLINES 


The tectonic character and history of geanticlines are inferred almost 
entirely from the record of sediments derived from them and preserved 
in part in the bordering geosyncline. Stratigraphic investigations thus 
determine the fact of former existence of a geanticline, suggest some- 
thing of its areal extent, and indicate the time and to some degree the 
amount of successive uplifts. The history of a geanticline is complemen- 
tary to that of its neighboring geosyncline. Sediments that were car- 
ried to the outer side of the geanticlinal area are inaccessible and this 
adds to uncertainty concerning the nature and evolution of the geanti- 


15 See D. W. Johnson [Stream sculpture on the Atlantic slope, Columbia Univ. Press (1931) 132 
pages] as to differentiation of the Fall Line, Schooley, and other peneplains and inferences concern- 
ing greatly increased volume of sediments removed from the Appalachian Mountains region since 
the Appalachian revolution 
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cline. Interesting examples of inferences concerning the Appalachian 
geanticline at different times during the Paleozoic era are given in papers 
by Barrell,?® and others. 

The conclusion of some geologists that most of the pre-Cambrian 
crystalline rocks of the Appalachian Piedmont Plateau are a remnant 
of the Appalachian geanticline lacks confirmation, although it is pos- 
sible that some of these ancient rocks are fragments of the former geanti- 
cline. That most of the Piedmont crystalline rocks (except Paleozoic 
and younger intrusive igneous rocks) probably belong to the floor and 
underlying crust of the Appalachian geosyncline is indicated by the 
presence of infolded Paleozoic sediments considerably east of the Blue 
Ridge,’* and by the character of the Paleozoic deposits in the mountain 
area, which indicate strongly a former considerable eastward extension 
of these deposits and, therefore, of the geosyncline. It is not improbable 
that only the western two-thirds or lesser fraction of the original geo- 
synclinal sediments of this belt are still preserved, and that, if the eroded 
strata were restored, even though highly folded and faulted, they would 
extend beyond the position of the Fall Line. 


EVIDENCE CONCERNING PERIODIC CRUSTAL DEFORMATION 
GENERAL STATEMENT 


Dependence must rest on stratigraphic testimony, including espe- 
cially evidence from paleontology, in determining the geologic date of 
crustal deformations. Various factors make the determination of these 
dates widely variable in precision; it is generally impossible to ascer- 
tain whether a given orogenic movement in a geosyncline, for example, 
was initiated earlier in one place than in another, whether it terminated 
sooner in one place than in another, or what was the duration of de- 
formation, except in approximate and relative terms. Record of crustal 
deformation affecting various parts of the world shows such distribution 
in geologic time, and most of it is accompanied by such vagueness in 
precise definition, that some geologists *® have been disposed to question 


16 Joseph Barrell: Criteria for the recognition of ancient delta deposits, Geol. Soc. Am., Bull., vol. 
23 (1912) p. 377-446; The Upper Devonian delta of the Appalachian geosyncline, Am. Jour. Sci., 4th 
ser., vol. 36 (1913) p. 429-472; vol. 37 (1914) p. 87-109, 225-253; The nature and environment of the 
Lower Cambrian sediments of the southern Appalachians, Am. Jour. Sci., 5th ser., vol. 9 (1925) p. 1-20. 

17A. W. Grabau: Early Paleozoic delta deposits of North America, Geol. Soc. Am., Bull., vol. 24 
(1913) p. 399-528. 

18 Arthur Keith: Outlines of Appalachian structure, Geol. Soc. Am., Bull., vol. 34 (1923) p. 309-380, 
pl. 4; Description of the Gaffney and Kings Mountain quadrangles, U. S. Geol. Surv., Geol. Atlas, 
Folio 222 (1931). 

Anna I. Jonas: Structure of the metamorphic belt of the central Appalachians, Geol. Soc. Am., 
Bull., vol. 40 (1929) p. 504-507. 

19 E. W. Berry: Concerning diastrophism, Science, n. s., vol. 52 (1920) p. 315-318. 

F. P. Shepard: To question the theory of periodic diastrophism, Jour. Geol., vol. 31 (1923) p. 
599-613. 
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the conclusion that, considering the earth as a whole, crustal deforma- 
tion is periodic. The suggestion is made that most orogenic disturbances 
on one continent have little or no significance as regards crustal move- 
ments affecting another continent, and that deformation of some part of 
the globe may be almost continuously in progress. For the purposes 
of this paper, it seems sufficient to confine attention to evidences of Late 
Paleozoic movements in North America and Europe. Orogenic move- 
ment, such as the Caledonian revolution, for example, has strongly af- 
fected portions of one continent without having disturbed geosynclines 
in other continents, but this does not mean that effects of a European 
movement are necessarily, or even probably, lacking in another continent 
where there is no evidence of contemporaneous orogeny. 


RELATION OF OROGENY IN MOBILE BELTS TO EPIROGENY IN STABLE PLATFORM AREAS 


The chief orogenic disturbances of geologic history, which resulted 
in uplift by folding and faulting of the thick sedimentary accumulations 
in geosynclinal mobile belts, culminated, as a rule (not always), close to 
the time limits of geologic periods. These time limits coincide theoreti- 
cally with widespread physical breaks between successive groups of sedi- 
mentary deposits, and are defined by somewhat abrupt paleontologic 
changes, which are interpreted as a result of a hiatus in the biologic 
record and possibly a coincident acceleration in organic evolution, due 
to modification of environment. Mountain-building in a geosyncline is 
correlated with a general withdrawal of shallow seas from most, or all, of 
the stable platform area of continents. Geologic boundaries between 
the deformed strata and the younger deposits in the geosyncline are 
angular unconformities, but between the undeformed, possibly eroded, 
older strata of the stable platform area and the deposits that rest with 
parallel bedding upon them, there is only a disconformity. The correla- 
tion of orogeny in mobile belts with widespread interruption of sedi- 
mentation in stable platform areas has been considered at length by 
such writers as Suess,?° Haug,” Stille,?? and Bucher.”* 

The cause of interrupted sedimentation, and, possibly, of accompany- 
ing erosion in areas of subhorizontal strata that are not affected by fold- 
ing, is commonly assumed to be an elevation of the continental mass, 
with, or without, appreciable tilting and warping; this gentle upward 
movement is termed epirogeny. Subsequently, the sea again transgresses 
similar parts of the continent, indicating a subsidence of the continent, 
which is classed also as epirogenic movement. Evidently, however, 


FE. Suess: Das Antlitz der Erde, vol. 2 (1888) p. 266-414. 
FE. Haug: Traité de geologie, vol. 2 (1908-1911) p. 539-563. 
22 Hans Stille: Grundfragen der vergleichenden Tektonik, Berlin (1924) p. 281-369. 
%W. H. Bucher: op. cit., p. 441-455. 
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shifting of the strand line is an entirely relative matter, produced by 
lowering or raising the sea level in terms of the distance from the earth 
center, without change in the position of the continents. Such “eustatic” 
changes of sea level are illustrated by the removal of water to form con- 
tinental glaciers and the return of this water to oceanic basins when the 
ice sheets melted. They may result also from defornation of the sub- 
oceanic areas of the earth crust, which enlarges or diminishes the ca- 
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Ficure 4—Structural relations of Pennsylvanian series in stable platform and geo- 
synclinal areas of the Mid-Continent region of the United States 


pacity of the oceanic basins. A factor of undetermined quantitative 
value, which tends to raise sea level, is the addition of water from the 
interior of the earth and, perhaps especially in early earth history, from 
extra-terrestrial sources. On the other hand, water may be abstracted 
semi-permanently from oceans to form hydrated mineral compounds and 
as connate water. Changes in the actual volume of sea water are prob- 
ably unimportant, however, as regards fluctuations of sea level affecting 
the position of the strand line. Changes in the reservoir capacity of sea 
basins, as a result of diastrophism, vulcanism and sedimentation, how- 
ever, are doubtless of considerable quantitative importance. If it be true 
that the deep submarine canyons trenching the continental shelves both 
on the western and on the eastern sides of the Atlantic, and discovered 
also along the borders of the Pacific, are the result of subaerial erosion, 
the measure of vertical fluctuations of sea level in comparatively short 
geologic time is shown to be great. How can depression and elevation 
of sea level some thousands of feet be explained except as the result of 
diastrophism that affects the capacity of the oceanic basins? Such 
diastrophism must be within the ocean basins, because the depth of the 
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submarine canyons is approximately the same on different continental 
shelves. 

Changes of sea level, which are recorded by transgressions and reces- 
sions of epicontinental seas, are relative. They can have been produced 
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Ficure 5.—Inferred evolution of the Appalachian region 


(A) Early stage in development of the Appalachian geanticline and geosyncline. (B) Late stage, 
shortly preceding the Appalachian orogeny. (C) Shortly after the Appalachian orogeny, showing 
crowding of the geanticlinal area upon the geosyncline and partial truncation of mountains. (D) 
Peneplanation of mountains in original geosynclinal area and deposition of sediments in the depressed 
former geanticlinal area. (Z) Present condition, following recurrent vertical uplifts of the moun- 
tain belt and depression of the geanticlinal belt (continental shelf). 


by vertical movement of continental masses, mean sea level remaining 
constant; by vertical movement of mean sea level, continental masses 
remaining constant; and by vertical movements that affect both con- 
tinents and mean sea level. 

The term epirogeny (or epirogenesis) includes all the gentle deforma- 
tive movements, such as the subsidence of a basin, the (differential) 
elevation of a dome, the slight tilting of rock strata, and, by connotation, 
vertical movements of continental masses that are assumed to control 
the position of the strand line. Insofar as very large fractions of con- 
tinents are uniformly affected by apparent vertical movements that 
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cause shifting of the strand line, and especially where the record of these 
apparent movements is the same, or very nearly the same, in widely 
separated continents, shifting of the strand line is probably due to verti- 
cal movement of mean sea level over the earth rather than actual move- 
ment of continental masses. If this be the case, it is erroneous to speak 
of epirogenic movement of the continent or continents as the cause of sea 
level changes, even though it is a practical convenience from some stand- 
points to do so, especially as, in numerous instances, it may not be pos- 
sible to judge. 

As has been pointed out, times of orogenic movement in geosynclinal 
belts correspond generally (if not universally and invariably, as might 
be indicated by more exact and detailed knowledge) to times of wide- 
spread relative emergence of continents, and the so-called epirogenic 
movement recorded by such emergence may be due to changes in oceanic 
basins causing depression of sea level. On each continent, however, 
there are some widespread disconformities that correspond in age to no 
known orogenic deformation affecting mobile belts of that continent. 
Examples are the disconformities between Tournaisian and Viséan 
deposits in western Europe, between Chester and Morrow, between Des 
Moines and Missouri, and between Lower Cretaceous and Upper Creta- 
ceous deposits in North America. Such disconformities signify “epi- 
rogenic movement”—that is, vertical movement of either the continental 
or the oceanic masses. Can such movements occur independently of 
crustal deformation that produces squeezing and elevation of mobile 
tracts? 


INTERCONTINENTAL EFFECTS OF OROGENIC MOVEMENTS 


Study of the stratigraphic record of post-Devonian Paleozoic rocks in- 
. dicates that important disconformities in the Carboniferous (Mississip- 
pian and Pennsylvanian), and the Permian of North America corre- 
spond, in part, to known, rather exactly dated, orogenic movements in 
North America, in part, to orogenic movements of different date in 
Europe, and, in part, to no determined orogeny of any continent. Con- 
versely, significant “breaks” in the European succession of late Paleozoic 
deposits correspond, in part, to times of important orogeny in geosyn- 
clines of Europe, in part, to those that have been recognized in North 
America, and, in part, to no determined orogeny.** Because of paleonto- 
logic differences, to some extent, and for other reasons, it is not yet pos- 
sible to make entirely satisfactory precise correlation of the European 
and American late Paleozoic formations, but stratigraphic evidence in- 


% Raymond C. Moore: Late Paleozoic crustal movements of Europe and North America, Am. Assoc. 
Petrol. Geol., Bull., vol. 19 (1935) p. 1253-1309. 
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dicates that the times of orogeny in the one continent do not correspond 
to times of orogeny in the other. Rather, it appears that mountain- 
building in a European geosyncline was accompanied by a lowering of 
sea level that produced a more or less widespread “break” in deposits of 
the stable platform of that continent, and that this lowering of sea level 
is also recorded in North America by an extensive disconformity. Sim- 
ilarly if a disconformity of the stable platform of North America, which 
corresponds in time to an epoch of mountain-building in some part of 
North America, denotes a lowering of sea level generally, rather than an 
upward epirogenic movement confined to this continent, record of the 
changed conditions might appear in the stratigraphic succession of Europe 
and in other continents. Considerable evidence now available shows that 
on opposite sides of the Atlantic widespread interruptions in sedimenta- 
tion, associated with orogeny in parts of one continent or another, are 
essentially equivalent. This is illustrated by the disconformity asso- 
ciated with the Sudetian orogeny in Europe, which corresponds to the 
disconformity in North America at the base of the Chester series, and by 
the break associated with the Asturian orogeny in Europe, which appears 
to be represented by the disconformity between Des Moines and Missouri 
beds in North America.2® Support is thus furnished for the thesis that 
the chief periodic emergences of continental areas are due to world-wide 
lowering of sea level rather than to actual elevation of individual con- 
tinental segments, and that the lowering of sea level is effected by tem- 
porarily enlarged capacity of ocean basins, resulting from crustal defor- 
mation in oceanic segments associated with orogenic disturbances in some 
geosynclinal belt. Despite numerous specific observations in support of 
these conclusions, much detailed and critical stratigraphic study, applied 
to all parts of the geologic column and to sedimentary deposits in all the 
continents, is required. Some of this stratigraphic work cannot be done 
by reconnaissance methods, for important disconformities can be over- 
looked easily where strata lie parallel, and this is the case in Pennsyl- 
vanian and Permian deposits of the Mid-Continent region. The test of 
the stratigraphic importance of a disconformity is not its local distinct- 
ness but the evidence of its widespread distribution together with marked 
faunal change and other evidence of the time value of the hiatus. 

As geological investigations have been extended to various parts of 
the earth, it has become increasingly apparent that the major strati- 
graphic and geochronologic units defined originally in Europe seem only 
partially and imperfectly to fit conditions in other continents. A boundary 
between so-called geologic systems, which is clearly defined in Europe, 
both on physical and on paleontologic grounds, may be obscure in North 


% See R. C. Moore: op. cit., for other examples. 
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America, eastern Asia, or Australia. For example, the boundary between 
Silurian and Devonian, which in Europe is marked by the important 
Caledonian orogeny and attendant more or less clearly defined physical 
and biologic changes, in North America is so inconspicuous that the 
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Ficure 6—Inferred interrelations of orogenic movements and the making of dis- 
conformities 


A represents an epoch of sedimentation during which shallow epicontinental seas simultaneously 
spread over continental areas. B indicates a succeeding stage, when orogenic movement in North 
America was accompanied by interruption of sedimentation and some erosion in stable platform areas 
both in America and in Europe, relative uplift of continental tracts being due to slight enlargement 
of oceanic basin, which caused lowering of sea level. C shows second epoch of sedimentation in 
continental areas, during which shallow seas simultaneously spread over parts of the lands. D shows 
repetition of conditions illustrated in B, except that the indicated orogenic movement is only in 
Europe. 


proper stratigraphic position of the systemic boundary is difficult to de- 
termine in the most nearly complete sections. On the other hand, many 
instances of seemingly important stratigraphic boundaries, associated 
with mountain-building in one continent or another, fall within the limits 
of geologic systems as defined from European standards. Examples are 
seen in the Mid-Devonian orogeny (Acadian) of northeastern North 
America, with its attendant physical and paleontologic changes, in the 
boundary between Mississippian and Pennsylvanian rocks in North 
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America (belonging in the middle part of the Carboniferous as defined 
in Europe), and in important breaks accompanied by orogeny within the 
Pennsylvanian. It is hardly conceivable that if major classification of 
the geologic column had been first established in terms of deposits found 
in eastern North America or in eastern Asia, it would lack correspondence 
to inherited European classification except in certain few of the boun- 
daries. Difficulties in correlating the sedimentary deposits of the differ- 
ent continents and seeming inconsistencies in applying the scheme of 
classification derived from Europe are understandable, and do not mean 
that the geologic evolution of the continents is unrelated or that a single 
geologic time scale applicable to all the continents is impossible. The 
present study suggests that the most significant stratigraphic and time 
unit to be recognized in the individual continents and in the determina- 
tion of intercontinental relationships is one of smaller rank than the 
geologic system and period, as these terms are now used. This smaller 
unit comprises essentially the concepts of series and epoch, for it repre- 
sents the deposits and the time between two successive major oscillations 
of the sea level, which appear to be associated with periodic crustal de- 
formation (including generally, if not invariably, orogenic disturbance 
of a geosyncline) in some part of the globe. The apparently most sig- 
nificant groupings of these units may vary considerably in different con- 
tinents, and, accordingly, systems and periods developed from European 
usage, need not necessarily be ideally suited to North America. 


CONCLUSIONS 


In connection with the various stratigraphic observations that bear on 
problems of continental tectonics and certain features that are involved 
in these problems, the main conclusions may be summarized as follows: 

(1) The largest part of a typical continental area is an essentially 
stable platform, of which (a) part is a relatively positive “shield,” con- 
sisting of exposed pre-Cambrian rocks which appear to have been an un- 
important source of post-Proterozoic sediments, and of which (b) another 
part is a relatively (though not strongly) negative area in which the pre- 
Cambrian surface, concealed by nearly flat-lying strata with a maximum 
total thickness mostly less than 5,000 feet, has been gradually depressed. 

(2) The relatively negative portion of the stable continental platform 
shows evidence of differential vertical movement, most, if not all, of 
which is subsidence. (a) Sinking of the floor of basins is greatest. Study 
of the sediments in the basins indicates that subsidence occurred in small 
amounts at frequent intervals, keeping pace closely with sedimentation. 
(b) Broad structural domes comprise parts of the platform that have 
subsided less than the basins, stratigraphic features of the flank and cen- 
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tral portions of the domes showing that they began early to be differ- 
entiated and that present structure is the cumulative result of slight, but 
frequently repeated, movement. (c) “Buried hills” are small protuber- 
ances of the platform, domal structure above which is progressively less 
sharply defined near the surface, indicating recurrent differential vertical 
movement. 

(3) Geosynclines are a part of more or less extensive mobile belts, 
peripheral to the stable platform, in which excessive thicknesses of sedi- 
ments of shallow-water or subaerial origin show progressive deep sub- 
sidence (commonly, from 20,000 to 40,000 feet). Subordinate troughs 
may be differentiated and accentuated during subsidence of the geosyn- 
cline. The geosynclines comprise weak belts that yield to compressive 
forces to form mountains. 

(4) Geanticlinal belts border the outer sides of geosynclines, and, as 
indicated by the character and thickness of deposits in the geosynclines, 
are inferred to have been repeatedly, and sometimes strongly, elevated 
so that they supplied most of the sediments of the geosynclines. After 
orogenic disturbance, the topographic differences and the direction of 
vertical displacement of geanticlinal and geosynclinal areas tend to be 
reversed. 

(5) Uplift of mountains in a geosyncline appears to be accompanied 
by widespread emergence of the stable continental platform, and, ac- 
cordingly, by a break and erosion interval resulting in the formation 
of a disconformity in the flat-lying sediments of the area. This is prob- 
ably the result of a lowering of oceanic level rather than an actual eleva- 
tion of the continental mass, and, if this be the case, the term epirogenic 
movement of the continent conveys a wrong meaning. 

(6) Lowering of oceanic level in connection with orogenic movement 
in a geosyncline of one continent may be expected to cause withdrawal 
of epicontinental seas from other continents; hence, result in stratigraphic 
breaks, by producing disconformities and absence of record in these 
continents. The stratigraphic relationships indicated are not only an 
important means of approach to intercontinental correlation of sedimen- 
tary deposits, but they have tectonic implications that tend to emphasize 
the essential stability of the continents as contrasted to subsiding and 
crowding outwardly of oceanic segments. 
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Crater Lake, situated close to the crest of the Cascades of southern 
Oregon, approximately in latitude 48° N, longitude 122° W, occupies an 
extensive crater, formed by the destruction of a mountain, which has been 
named Mount Mazama. The lake lies at an altitude of 6161 feet, ap- 
proximately 16 feet lower than that recorded by early surveys, and is 
surrounded by a nearly circular rim, varying from 500 to 2,000 feet in 
height (Pl. 1, fig. 1). It has a shoreline of approximately 21 miles and is 
614 miles in diameter from west to east and about 414 miles from north 
to south. The materials in the crater walls and the inclination of the 
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Ficure 1—Cross section of Crater Lake (adapted from Diller by Iva A. Williams) 


back slopes indicate that, prior to the formation of 
the lake, there was a composite cone, 12,000 to 
15,000 feet high, with a circumference comparable 
to that of Mount Shasta (Fig. 1). 

The problem of the origin of Crater Lake excites 
the curiosity of thousands of visitors to this famous 
National Park. The explanation proposed by Diller 
in 1896, and questioned by some geologists before 
this, that the crater was a result of the collapse of 
Mount Mazama, has been generally accepted. In- 
deed, to the layman, there is no apparent cause to 
question this explanation, and, thus, the story is 
spread far and wide, that this is the only explana- 
tion. However, if one is permitted to wander at will 
about the crater’s rim and to explore the back slopes 
of the mountain and study, point by point, the evi- 
dence submitted by Diller, it is soon apparent that 
some of his contentions are based on, or supported 
by, meager evidence. 

It should be distinctly understood that this paper 
is not a condemnation of Diller’s work. His paper 
is a work of outstanding merit, but he was denied 
some of the advantages available to present-day 
investigators. Deep road-cuts have exposed sec- 
tions not visible in those early days, and a network 
of roads and trails has facilitated the exploration 
of all parts of the area. 

It is in the light of the evidence obtained from 
recent exploration that a different explanation of 
the origin of Crater Lake seems justified. It is 
with the hope that other geologists will critically 
examine this evidence in the field that the writers 
present their case. 

For the opportunity to study this problem rather 
intimately in the field, the writers are indebted to 
the National Park Service. While acting as ranger- 
naturalists at Crater Lake during the summers of 
1934 and 1935, they were provided with every fa- 
cility in time and transportation, to carry on re- 
search in this interesting problem. Smith prepared 
the manuscript except the part dealing with the 
mechanics of collapse. However, there was close 


i 
yer, 
99 
he 
fo 
| 
j 
2 
| 
7 
\ Ni 
7: 
Is 
a 


INTRODUCTION 1811 


collaboration and agreement between the writers in all stages of field 
study and preparation of the paper. 

In addition to the assistance rendered the authors by the staff of ranger- 
naturalists and rangers of Crater Lake National Park, we wish to acknowl- 
edge valuable suggestions from Professor William H. Hobbs, of the Uni- 
versity of Michigan, and from Professors Ralph Leighton and O. F. Staf- 
ford, of the University of Oregon. 

The Cascade volcanoes, of which Mount Mazama was one, are part 
of the so-called Pacific “Circle of Fire”, and any interpretation of their 
history and activity should properly be considered in the light of other 
portions of this great ring of voleanic mountains. The writers, having 
had some experience with volcanoes in several sections of this Pacific 
Circle, offer these observations and interpretations as a contribution to 
Pacific vuleanology in general, and a radically different possible solution 
of the particular problem of Crater Lake. 

In view of the very definite trend of opinion among some observers, 
especially geologists from abroad, away from the older, and hitherto 
generally accepted, “collapse” theory for the origin of Crater Lake, it will 
be necessary to discuss certain critical points bearing upon explosion 
versus collapse. Especially does this seem important in the light of 
observations in the field during 1934 and 1935. 

The development of Mount Mazama, as sketched by Diller,’ is accepted, 
but exception is taken to the last part of his report, in which he argued 
that, after the explosive activity culminating in the extrusion of pumice, 
the mountain was wrecked by a “subsidence which engulfed it.” 

Proponents of the collapse theory do not overlook the fact that vast 
quantities of pumice exist for a few miles in all directions (Diller said 
20 miles), and it is not denied that this points to a tremendous explosion 
at that point, but they do overlook the fact that the pumice is scattered 
many times farther than this. In the opinion of the present writers, this 
explosion of pumice is the climactic episode in the history of the mountain. 
The subsidence theory postulates an unusual process, the undermining 
of the top of the mountain by liquid magma to such an extent that, 
finally, the great superstructure of the mountain could no longer support 
it, and it fell in upon itself, after which the material, in some mysterious 
way, became completely absorbed in the throat of the volcano. 

The points that appear to be critical are the following: 


1. Distribution, character, and amount of erupted material. 
2. The so-called “backflow” of Diller, in Cleetwood Cove. 
3. Shape and character of the crater itself. 


1J. S. Diller and H. B. Patton: The geology and petrography of Crater Lake National Park, U. S. 
Geol. Surv., Prof. Pap. 3 (1902) p. 45-46. 
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4. Absence of molten material, which should have issued at some lower 
point, if the mountain had collapsed and the superstructure had been 
engulfed. 

5. Glaciated surfaces about the rim. 

6. Mechanics of collapse. 


DISTRIBUTION, CHARACTER, AND AMOUNT OF ERUPTED MATERIAL 


Although no detailed areal mapping of all of the fragmental material 
from the mountain has been made, it is manifest, even to the casual 
observer, that pumice and other fragmental material are widespread in the 
area, extending at least 80 miles to the east and about half that distance 
north and south of Crater Lake. In Sand Creek, Annie Creek, and other 
valleys radiating from the crater, this pyroclastic material is at least 
200 feet deep (PI. 2, fig. 2). Even on the Rogue River, 15 miles west of 
the center of the eruption, this same kind of deposit, at least 100 feet thick 
by actual measurement, has buried the former forest (Pl. 2, fig. 1). As 
other volcanoes in this region have been in violent eruption, it is impossible 
to determine at this time how much of the pyroclastic material came 
trom Mount Mazama; the present study indicates that all of it came 
from Mount Mazama. Mount Thielsen, for instance, has erupted ex- 
plosively, but, as nearly as can be judged from field examination, there 
is little, or no, evidence that it contributed any of the pumice to the region 
under discussion. 

Of course, if one presupposes an eruption of Krakatoan magnitude, 
he would not need (nor could one expect) to find all the erupted material 
within range of the Park. Some of it, undoubtedly, would be carried 
great distances by lofty wind currents, far beyond the confines of the 
present Park. With the prevailing winds from the southwest for nine 
months of the year, one would expect, and does find, the bulk of this 
deposit to be northeast of Crater Lake. 

However, Moore has furnished some fairly conclusive quantitative data, 
which, though not final, is more detailed than any other yet published. 
His article includes a clear, small-scale sketch map (Fig. 2) showing the 
distribution of pumice in the region. His pertinent final paragraph is 
as follows: 

“Though much material has been washed from the area adjacent to Crater Lake, 
sufficient remains to show that the older pumice contained at least 8% cubic miles of 
material and the younger pumice at least 2% cubic miles. The distance traveled 
by the nuees ardentes and the amounts of material carried by them indicate that they 
were of tremendous size and force. Whereas those of the Pelee traveled 6 kilometers 
to the sea and those of the Valley of Ten Thousand Smokes 11% miles to the sea, 


these of Mount Mazama traveled 23-36 miles, carrying great masses of pumice 
boulders the whole distance. The succeeding eruption that furnished the granular 
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pumice hurled granules as much as an inch in diameter to distances of 80 miles and 
may have furnished the volcanic dust which settled in Baker and Wallowa counties 
and is there seen interbedded with the recent alluvium.” * 
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Fiaure 2.—Pumice areas (modified from B. N. Moore, US.GS.) 


Heavy line = older pumice 
Broken line = younger pumice 


The character of the material has, thus, been determined by Moore. 
It was probably deposited over the countryside during eruptions of the 
Pelean type, as he suggests. 

During the summer of 1935, David Griggs, of Harvard University, 
accompanied one of the writers in an examination of a section in the 


2 Bernard N. Moore: Deposits of possible nuée ardente origin in the Crater Lake region, Oregon, 
Jour. Geol., vol. 42, no. 4 (1934) p. 375. 
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Pinnacles area (PI. 2, fig. 2) in Wheeler Canyon. The section as seen 
in the west wall of the canyon, about opposite the old east entrance ranger 
station, is given in Figure 3. The total section is made up of pyroclastics, 
approximately 225 feet thick, with some few feet of water-sorted material 
at the bottom, which apparently veneers volcanic material beneath. Much 
of the material filling in this and other canyons was thought by Griggs, 
who has studied similar deposits in the Valley of Ten Thousand Smokes, 
Alaska, to be typical sand-flow. The writers think that, although some 
of this undoubtedly is sand-flow, much of it fell as showers of ashes 
and coarse fragmenta. Typical sand-flow at Lassen seems not to re- 
semble canyon fillings at Crater Lake. 

The critical and interesting features revealed in this section are the 
pinnacles and the red horizon of much-oxidized material near the top 
of the section. The Pinnacles have been described by Diller and others. 
On August 16, 1935, hitherto unrecorded old fumaroles were discovered 
in the red horizon just beneath the later fine pumice, which masks most 
of the surrounding country. Many of the pinnacles are merely indurated 
tubes leading up to these vents. Oxidation as a result of fumarole action 
is the explanation for the conspicuous red band at the top of the gray 
tuff. At least a dozen of these fumaroles were found within a few square 
yards. These will be described in some detail in a paper by Griggs, now 
in the course of preparation. 

Attention should be directed to two aspects of this pyroclastic material. 
First, although the fine pumice veneers most of the surfaces around 
Crater Lake—i.e., both in the valleys and on the hilltops—the coarser 
tuffs are either absent or inconspicuous on the higher land. This might 
be explained as due to subsequent erosion or to the fact that the deposit 
was, in part, of the nature of a sand-flow confined to the valleys radiating 
from the crater. 

Second, these fumaroles further attest the high temperature of the de- 
posit—i.e., much of it was clearly of nuée ardente origin. The writers 
find it rather difficult to visualize these conditions as part of the picture 
presented by the theory of collapse and engulfment. 

Much has been made of the absence of large fragments, bombs, blocks, 
and other debris on the back slopes of Crater Lake. The alleged cleanness 
of these slopes is only apparent. As a matter of fact, field observations, 
especially in recent road-cuts, show great quantities of coarse debris, 
covered over, veneered, and completely masked by a heavy accumulation 
of pumice. 

An especial point was made by Diller of the finer explosive material 
about the rim, which, he maintained, was of different composition from 
that making up the bulk of the mountain; he thought that there ought to 
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be more andesite fragments than appear on the surface. In this connec- 
tion, it should be pointed out that much of the later extrusives was 
dacitic—in particular, the upper flows and pumice—and this would seem 
to indicate that the older andesitic fragments would naturally be covered 
over by the more-acid type of material of later extrusion. 


w. 


PUMICE 
RED HORIZON 
FUMAROCLES 


GRAY TUFF 


COARSE PUMICE 100 + 


VENEER OF SAND, WATER SORTED 
AND SHOWING SANDBLAST. 


Ficure 3.—Section in Wheeler Canyon 


Examination of the coarser fragmenta in Wheeler (Fig. 3) and Annie 
creeks and other canyons radiating from Crater Lake reveals much ande- 
sitic material mixed with coarse, and even large chunks of, pumice. Just 
what is the proportion of andesitic to dacitic material cannot be stated 
at present. 

Concerning the veneering of coarser fragments by the pumice, there is 
a rather pertinent paragraph in Charles E. Stehn’s discussion of Krakatoa. 
He says: 


“The solid rock of which the Danan was built up, products of the first eruptions 
in 1883 and of the recent explosions, which had been deposited here also, were hurled 
high into the air and distributed over the three islands. 

“The heavier material fell first and formed the block horizon; the lighter pumice 
descended later. Thus the sifting filled up the spaces between the blocks and formed 
the last layer of the products of 1883.” ® 


This account of the conditions of Krakatoa appears to agree closely 
with what the writers have observed at Crater Lake (PI. 3, fig. 1). It 
explains what earlier observers apparently interpreted as absence of 
sufficient amounts of coarse debris, which seem to be demanded in a 
situation of the kind attendant upon an explosion of great magnitude. 


8 Charles E. Stehn: The geology and vulcanism of the Krakatau group (1929) p. 29. Fourth Pac. 
Sci. Cong., Batavia, Java. 


i 
| 
‘ 
WHEELER CREE 
4 
| 
: 


1816 W. D. SMITH AND C. R. SWARTZLOW—MOUNT MAZAMA 


Pim Sec 


E.McKITRICK 
1934 


Ficure 4.—Crater Lake east wall 


(Section after E. McKitrick.) (1) Mt. Thielson; (2) Timber Crater; (3) Recent flow (?); (4) Dia- 
mond Lake; (5) Mt. Bailey; (6) The Palisades; (7) Pumice; (8) The Wineglass side; (9) Andesite 
flow; (10) General Cascade Plateau Surface. 


DILLER’S “BACKFLOW” (CLEETWOOD COVE) 


A close examination of the flow of lava in Cleetwood Cove (PI. 3, fig. 2), 
from the foot of it, on the flow itself, and from above, indicates that 
faulting and slumping may have played a large part in giving this flow 
its present apparent position. Moreover, even if this were a genuine 
backflow, it would not necessarily prove collapse for the whole mountain. 
During an explosion, it would be inconceivable if parts of the rim did not 
sag, and even turn downward. One would expect to have some sagging 
of the rim as a result of either kind of action. 

Ernest McKitrick, formerly graduate assistant at the University of 
Oregon, made a close study of the entire periphery of the crater during 
the summer of 1934 (Fig.4). He says: 


“As you know the cliffs that form the rim of the crater on each side of Diller’s 
‘backflow’ are composed of a characteristic porphyritic obsidian. They are obviously 
parts of a once continuous flow that has been shattered near the center, and this 
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shattered area, composed of angular blocks superficially resembles a flow of blocky 
and ‘aa’ lava. Close examination of the blocks, however, reveals that the area is a 
jumble of joint blocks, which show on their sides the flow structures and porphyritic 
glass characters scen on the joint faces of the main parts of the flow on either side. 

“Near the top of the rim, huge blocks have been shifted from their original position 
in the lava flow and all gradations from blocks just breaking from the main flow 
to those that have rolled down the slope and broken up into smaller fragments are 
seen. 

“Mazama Rock [PI. 4, fig. 1], according to my interpretation, is a part of this flow 
that has been shifted, as a block, out of its original position. Similar masses shifted, 
as a block, out of position are found, as I have said, on the inside wall of the crater also. 

“The whole set-up has the appearance of a violent disruption of the glassy lava 
flow, and is very well explained by explosions of unusual violence within the volcano.” * 


This “backflow” was re-examined by Griggs during the field season 
of 1935. He believed that the “backflow” could not have occurred at the 
time of the final wrecking of the mountain and that in all probability this 
was not a backflow at all but an outflow.® 

John E. Allen, graduate student at the University of California, and 
Ranger Naturalist at Crater Lake in 1935, also made a critical study of 
the Cleetwood Cove flow. He wrote as follows: 


“Diller believed that Cleetwood flow was in the process of extrusion at the time 
of the collapse of Mount Mazama. The still motile lava poured back down into the 
newly formed caldera, producing the structure he aptly labelled ‘backflow’. This 
feature was used as evidence for the theory of collapse of Mount Mazama, as opposed 
to explosion. The interpretation in Fig. 3 indicates that the ‘backflow’ is simply 
the filling of the inclined vent of Cleetwood flow, which apparently came up along an 
east-west fissure which dipped steeply southwards into the prehistoric mountain, and 
which has only subsequently become exposed in the crater wall. The position of the 
‘backflow’ midway between two projecting cliffs of similar lava with north-dipping 
flow planes, and the continuity of its structures from the rim of the present crater to 
the water’s edge, are all corroborative evidence.” ® 


Thus, it appears that the so-called “backflow” is due to a combination 
cf outflow and some faulting and that it most probably antedated the 
catastrophic action that wrecked the mountain. 


SHAPE AND CHARACTER OF THE CRATER 


Crater Lake crater has been called a caldera,’ because of its alleged 
general likeness to the caldera of Kilauea. In the opinion of one of the 
writers, who has visited Kilauea and walked across its congealed surface 


4 Personal communication. 

5 Personal communication. 

® John E. Allen: Structures in the dacitic flows at Crater Lake, Oregon, Jour. Geol., vol. 44, no. 6 
(1936) p. 737-744. 

7 Daly’s definition of a caldera is an enlarged crater. On this point, he says: ‘‘The vents beneath 
caldera must have cross-sections much smaller in area than the floors of the corresponding great de- 
pressions” [R. A. Daly: Igneous rocks and their origin (1914) p. 147]. 
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from the rim to the pit of Halemaumau, a distance of several miles, there 
is only a most superficial resemblance between the two. 

The caldera of Kilauea is a veritable slag-pot, with fused material 
everywhere and evidences of peripheral faulting on all sides; it has, for 
the most part, vertical walls. Most of its history has been quite different 
from that of Crater Lake. 

On the other hand, the crater (and this appears to be the correct term 
to use) of Crater Lake is a typical explosion orifice; there is relatively 
little peripheral faulting visible and no visible fusion within the crater. 

Even Dutton had grave doubts about the lack of features to be expected 
in the case of a sinking mountain, to judge from the following: 


“In the Hawaiian calderas the evidences of sinkage are conspicuous. They are 
not confined to the deeper floors of the pits, but are also seen in the partial subsidence 
of great blocks or slices of the walls immediately enclosing them, and in irregular 
sunken spots in their vicinity, also in the marks of powerful shearing or faulting action 
in the walls themselves. They appear to be correlated to the remarkable quiet habits 
of the Hawaiian volcanoes, to their habitual modes of eruption, and to the special 
structure of the volcanic piles, which do not rise in steep conical peaks, but are very 
broad and flat. At Crater Lake, neither in the walls themselves, nor in the immediate 
neighborhood back of the crest line, have any traces of sinkage been observed as yet. 
Nothing can at present be pointed out which suggests the Hawaiian mode of origin, 
beyond the fact that a vast crater is before us. The general structure and habits of 
the Cascade voleanoes are indicative of a more vigorous style of volcanic action 
than the Hawaiian.” * 


This statement of Dutton is repeated here, because many proponents 
of the collapse theory refer to Kilauea in their arguments. Evidently, 
they are unfamiliar with the conditions at Kilauea, or they overlook the 
significant features just pointed out (Pl. 5). 

Atwood’s studies ° have clearly and unmistakably shown how numerous 
have been the explosive actions of Mount Mazama in the past and how 
different this history has been from that recorded at Kilauea. 

Furthermore, no one, to the writers’ knowledge, has ever asserted that 
a vast superstructure over the present caldera of Kilauea ever existed and 
that it fell in. It exists as an orifice in the top of a low lava dome, in 
which the lava periodically rises and falls, and where only at long intervals, 
as a minor episode in the history of the mountain, have explosive extru- 
sions occurred. This appears to be a very significant difference. 

Of course, subsidence craters are not unheard of, though they are, as 
far as known, relatively scarce on the Pacific Rim. 

Inasmuch as some proponents of the theory of subsidence of craters may 


8 J. 8. Diller and H. B. Patton: The geology and petrography of Crater Lake National Park, U. 8. 
Geol. Surv., Prof. Pap. 3 (1902) p. 48. 

°W. W. Atwood, Jr.: The glacial history of an extinct volcano, Crater Lake National Park, Jour. 
Geol., vol. 43, no. 2 (1935) p. 142-168. 
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be tempted to cite, and have done so in oral discussions with the writers of 
this paper, the case of the well-known volcano of Mull, off the Scottish 
Coast, so admirably worked out by E. B. Bailey and his co-workers, it 
should be pointed out that this discussion is hardly pertinent here. Dis- 


E.McKITRICK 


1934 


Ficure 5—Hillman Peak area 


(Sketch after E. McKitrick.) 1. The Devil’s Backbone—andesite dike; 2. Andesite flows; 3. Cemented 
fragmental material; 4. Talus slope; 5. Low fan deposits; 6. Agglomeratic flows. 


section of the remains of Mount Mazama have not proceeded far enough 
to permit one to ascertain whether or not the deeper structures do resemble 
any of those found in Mull, and any such possibilities must remain purely 
conjectural. 

That well-known student and photographer of vulcanism in many parts 
of the world, the late Tempest Anderson, Fellow of the Geological Society 
of London, visited Crater Lake sometime prior to 1903 and was convinced 
cf the explosive origin of this crater.’° 

The present writers studied several collapsed areas in the basalts of 
the surrounding region, where it is evident that caving has taken place, 


10 Tempest Anderson: Volcanic studies (1903). (London), 
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and the topography of the subsidence areas is totally unlike anything 
within the main crater. 

Furthermore, nearly everywhere, but notably in Hillman Peak (Fig. 5), 
the ends of flows are turned upward or tend to turn upward. The high 
percentage of fragmental material within the rim and the subsequent 
explosive history indicated by the appearance of the three later cones 
would appear to be convincing evidence that subsidence could hardly 
have taken place on the scale suggested by Diller. Such procedure would, 
in the light of its previous and subsequent history of extrusion, seem 
unusual, to say the least. 

One must bear in mind, of course, that the crater has been considerably 
modified by subsequent erosion and that the old walls have been cut back 
so that the present ones might conceivably present a somewhat different 
appearance from the former, with all the old fused material removed. 
However, there has not been much of this removal, or the slopes would 
be much lower. The comparative recency of the main action is obvious. 

Still another point should not be overlooked—namely, the configuration 
of the bottom of the crater. As far as can be judged from the present 
soundings, the bottom of the crater does not have the configuration one 
would expect from subsidence, for the basin seems to be like one from which 
material has been scooped out, rather than one into which much debris 
has fallen. In other words, its configuration is not irregular enough. 
Whatever modification of the bottom contour may subsequently have 
taken place seems due almost entirely to the building of the later cones, 
Wizard Island and the other submerged ones that have no name. 

If one disregards the subsequent extrusions that have been built up 
within the older cavity, created as a result of the wrecking of the moun- 
tain, he has to deal with an orifice that cannot easily be explained as due 
to subsidence. This particular basin, bow], or crater, of which an accurate 
picture is available as a result of soundings and the slope of crater walls 
above the water-line, is strikingly similar to mine craters, produced 
during military operations. The walls of such craters tend to follow 
the characteristic catenary curve. Such craters, compared with photo- 
graphs of large craters on the Western Front during the World War, 
present close similarity (Pl. 1, fig. 2). The dissimilarity to subsidence 
craters common in mining operations and the remarkable resemblance to 
explosive mine craters would seem good grounds on which to reject the 
collapse theory. 

Conditions resulting from mine subsidence was the theme of a paper 
published several years ago by Rice.11 His photographs and diagrams 


11 George S. Rice: Some problems in ground movements and subsidence, Am. Inst. Min. Metall. 
Eng., Tr., vol. 69 (1923) p. 374-393. 
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Figure 1. Mopev or Crater Lake 
Looking North. Mounts Thielsen and Bailey in distance. 
(National Park Service) 


Ficure 2. MINE CRATER ON WESTERN FRONT 
(The Times History of the World War) 


Figure 3. Sun Notcn, A BEHEADED GLACIAL VALLEY 


CRATER LAKE AND A MINE CRATER 
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Figure 1, Buriep TREE IN PYROCLASTICS ON ROGUE RIvER 


Figure 2. PINNACLES AND FUMAROLES IN WHEELER CANYON 


EROSION REMNANTS 
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throw considerable light upon this point and indicate some important 
features attendant upon subsidence, which appear to be totally lacking at 
Crater Lake. Of these, conspicuously absent are large areas of slumping 
and vertical slip walls, with one exception of a doubtful nature just under 
Garfield Peak. 

It is interesting to note, in passing, that de Martonne says: 


“The explosions which occur very frequently in volcanoes with acid lavas can take 
place in all voleanoes that for some time have ceased to throw out igneous material. 
The consolidated lava, in effect, plugs all the chimneys. When the pressure of the 
gas becomes too strong, the lava plug comes out, and the explosion pulverizes a great 
part of the mountain. Sometimes it lifts off only the upper part of the cone; some- 
times it is opened up to the base, leaving only a fraction of the crown of the crater, 
which can be as much as 10 kilometers in diameter. Often, under the name of craters 
of explosion are designated those immense cavities that in the Azores are called 
calderas. Almost always one sees, after the explosion, one or more cones built up in 
the center of the caldera. Such is the case on the Isle of Reunion, where the adven- 
titious central cone of Grand Brule has built up to a height greater than the wall of 
the caldera. A lake can fill the caldera, the accidental cone taking the form of an 
island. Such is the case of Crater Lake in Oregon in the western part of the United 
States, and Lago de Vico with the Monte Venere in Italy.” * 


Of course, it may be justifiably contended that this argument is weak, 
inasmuch as de Martonne had made no detailed study of the local situa- 
tion. On the other hand, it would seem that his comparative studies 
of the forms of many volcanic craters in different parts of the world 
are not without some relevancy, particularly as Diller’s observations 
were available to de Martonne, and he, undoubtedly, was familiar with 
them. 


ABSENCE OF EXTRUDED LAVA OF RECENT DATE 


Diller, true scientist that he was, admitted this very vital evidence as 
being completely lacking at the time of his work. Since his time, no recent 
flow has been discovered, such as one finds on the lower slopes of Mauna 
Loa and Kilauea, anywhere within reasonable range of Crater Lake, and, 
in the opinion of the writers, it is unlikely that one will be found. 

During the field seasons of 1934 and 1935, the writers traversed, by car 
and on foot, many miles of country on all sides of the crater, both within 
and beyond the Park boundaries, but saw nothing except later pyroclastics, 
the older Miocene lavas of the Columbia River series, or the younger 
basalts of the adnate ** cones, Red Cone and Timber Crater, beyond the 
large crater, and nothing that could in any way be interpreted as later 
fused material that could have issued from openings in the side of Mount 


12 Emmanuel de Martonne: Géographie physique, vol. 2 (1925) p. 734-736. 
18 Term used by Diller; parasitic might be more appropriate. 
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Mazama. The dike known as the “Devil’s Backbone” is nearest to that 
kind of material, but it probably long antedated the final cataclysm. One 
might reasonably argue, at this point, that this magma may have issued 
from some opening in the side of old Mazama that is now concealed by 
the pumice accumulations. This is a legitimate point to raise, and, 
until the whole region is thoroughly explored and every stream channel 
studied with this in mind, one cannot dismiss this argument. 


MATERIALS OF THE RIM 


Diller has said: 


“The area of the caldera, as marked out by the crest of the rim, is over 27 square 
miles, and its original volume, making some allowance for the subsequent refilling 
from the craters on its floor, is about 12 cubic miles. If to this we add 5 cubic miles 
for the part of the mountain above the caldera—and this is a conservative estimate— 
we get 17 cubic miles of material, for whose disappearance we have to account. If 
this material were blown out by a great explosion and fell equally distributed upon 
the outer slope of the rim within 3 miles of the crest, it would make a layer over 
1,000 feet in thickness. This mass would be so conspicuous and composed of such 
fragmental material that its presence could not be a matter of doubt. There can be 
no question concerning its complete absence, for the surface of the outer slope of the 
rim exposes everywhere either glaciated rock, glacial moraine, or pumice, all of 
which are features which belonged to Mount Mazama before its destruction, and 
no trace of a fragmental rim, such as is referred to above, was found anywhere.”* 


The present writers wish to challenge several statements in this para- 
graph. 

First, this blown-out material does not have to be found “within three 
miles of the crest.” Even a superficial knowledge of East Indian and 
other Pacific volcanic eruptions would show the irrelevancy of this state- 
ment. Debris from Krakatoa fell to a depth of several inches on the 
decks of ships 1200 miles away in the Indian Ocean, and some of the 
finest ash went around the world. 

Second, “and no trace of a fragmental rim, such as referred to above, 
was found anywhere.” The only answer the writers can make to this is— 
if Diller could walk over some of the same territory today and see the 
new road-cuts, he would be amazed at the amount of fragmenta] material 
cn the rim and back slopes. One feature, which Diller makes little of, and 
which seems to have tremendously impressed later observers, is the very 
considerable amount of fragmental material everywhere about the rim 
of the crater; not only the considerable amount, but the preponderance 
of it. At this point, one might properly ask, “Why are not Kerr and Sun 
notches (PI. 1, fig. 3) old glacial valleys, formed before the cataclysm and 
later truncated, filled with debris from the mountain?” These valleys do 


44 J. S. Diller and H. B. Patton: op. cit., p. 48. 
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contain a certain amount of pumice, but, if one remembers the direction 
of the prevailing winds in this region, and if he recalls the distribution of 
material during the recent Lassen eruption to the northeast of that moun- 
tain, he will have a satisfactory explanation, it would seem, for not finding 
these valleys completely filled. Furthermore, if the major explosion and 
disruption occurred when glaciers filled the valleys, subsequent melting 
of the ice would leave the valleys relatively free from debris of this kind. 

Third, the statement .. . “there can be no question concerning its 
complete absence (fragmental material) for the surface of the outer slope 
of the rim exposes everywhere either glaciated rock, glacial moraines, or 
pumice, all of which are features which belonged to Mount Mazama before 
its destruction.” The present writers do not find evidence for this view, 
in the face of the fact that pumice covers most of the glaciated surface and 
must have been the last event before the filling of the lake and the forma- 
tion of Wizard Island and its sister cones within the crater. During the 
1934 and 1935 seasons, the writers made some observations on the back 
slopes on the eastern side of the crater and were amazed to see the large 
masses of lava blocks, some larger than houses, in the region between 
Pumice Point and Skell Head. Mazama Rock is apparently quite severed 
from the rim and is only one of many such dislodged masses. 

The whole eastern rim (PI. 4, fig. 2) is covered with great layers of 
pumice, so that the coarser fragments are almost completely masked. 
On Llao Rock, farther to the north, the pumice blanket is at least 180 feet 
thick, and glaciated surfaces are relatively scarce, and have to be ex- 
posed by excavation; in some places, they are 60 feet below the surface. 

W. W. Atwood, Jr., summarizes the glacial history of this ancestral 
mountain, as alternation of glaciation with great eruptions, indicating that 
explosive eruptions have repeatedly occurred in the history of the moun- 
tain.> Is it not reasonable to assume that such have occurred in more 
recent times? 

Although there are many good examples of glaciated surfaces in the 
area, they are, with a few exceptions, in isolated places, where they have 
been exhumed by the wind, or are partially buried by debris. They are 
generally inconspicuous. Compared with the many square miles where 
no glaciated surface is exposed, such surfaces are relatively scarce. 

There is a preponderance of morainal material on the west side of the 
lake, but not about other portions of the rim. There is relatively little 
such material on the north and east sides, where the major portion of 
the eruptive material fell. 

There is evidence, not yet conclusive, for thinking that some glaciation 


13 W. W. Atwood, Jr.: The glacial history of an extinct volcano, Crater Lake National Park, Jour. 
Geol., vol. 43, no. 2 (1935) p. 142-168. 
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occurred after the destruction of Mount Mazama, indicated by cirques at 
the head of Munson and Castle creeks, which did not cut back through 
the rim of the crater. However, the main glaciation occurred before the 
wrecking of the mountain. In fact, there is good evidence for saying that 
there have been at least three epochs of glaciation on the mountain. 


MECHANICS OF COLLAPSE 


When the dominant forces in volcanic regions are acting outward, to 
suppose that a whole mountain, or seventeen cubic miles of it (Diller’s 
own estimate), collapsed seems to be mechanically unsound, especially 
when that mountain’s entire previous history, as far as one can judge from 
a study of its crater walls, has been one of extrusion. On this point, T. C. 
Chamberlin wrote to Bailey Willis, some years ago, as follows: 


“In regard to the great pit of Crater Lake, my mind runs parallel to yours on general 
principles. I do not take kindly to the idea that the Earth melts its upper crust and 
swallows the product. I think the upper crust is a place of cooling, and only in ex- 
ceptional cases, where there are gases to be burned or some special source of heat, 
does it seem likely that melting takes place. Moreover, if I read the signs aright, the 
interior is a place of high compression with predominant lateral stresses in the outer 
part, and the natural direction of liquefied rock is outward rather than inward. If 
anyone holds that a mountain has been melted and swallowed, he is under obligations 
te show how and why the natural order of things is reversed. No doubt it may be in 
some cases. I can understand that if there were an underduct that could lead the 
lavas away to some lower point periodically, and if there were much combustible gas 
coming up the throat of the volcano from the interior, it might melt the walls of the 
crater and cause them to fall in, and in time become liquid and be so discharged 
through the supposed outlet. But then, this is Kilauea reflected as you suggest. 
So, I do not see how I can part company with you even on the ground of exceptional 


action.” 


In considering the collapse theory, a number of problems present them- 
selves; namely, the original height of Mount Mazama, the size of the 
crater and neck of the mountain, and the shape of the opening, vent, or 
receptacle into which the collapsed superstructure fell. These three points 
will be considered in detail. They involve many hypothetical situations, 
but, by comparing historic volcanoes with Mount Mazama, a series of 
data may be assembled, consistent with facts known to have been the 
case in other eruptions. 

The height of Mount Mazama was first estimated by Diller to be about 
that of Mount Shasta, 14,161 feet. This figure is conservative, and 15,000 
feet is a more common estimate.’* The quantity of material removed from 
the mountain during its destruction was estimated by Diller to be 17 


16 Work during the field season of 1935 indicates that both these figures are too high and that. 12,000 
would be more nearly correct. 
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cubic miles. This comprised the upper 6,000 feet of the mountain and 
all of the present interior of the rim of Crater Lake. These estimates of 
Diller are generally accepted by investigators of the origin of Crater Lake, 
whether or not his theory of destruction is subscribed to. Any alternative 
that is proposed for the destruction of Mount Mazama, must account 
for these quantities. Certainly, a mountain of that magnitude must have 
been present to account for (1) the vast system of glaciers on Mount 
Mazama, probably as extensive as the system on Mount Rainier, (2) the 
size of the base of the mountain, (3) the angle of the slope. 

The third point mentioned at the beginning, the shape of the receptacle 
into which the collapsed portion fell, is significant, because the depth 
of the hole would be largely dependent on the shape of the opening. How- 
ever, there is no way of determining whether the opening was cylindrical, 
spherical, conical, or merely irregular. 

At the present time, the rim rises above Crater Lake to a maximum 
height of nearly 2,000 feet. The sounding of the deepest part of the lake 
is, likewise, 2,000 feet. It is true that these are maximum figures, but 
they may be used with justification when one realizes that, after the 
destruction of the top of Mount Mazama, three volcanic cones were built 
up in the bottom of the lake. It may easily be supposed that this added 
material built up the bottom of the crater several hundred feet. 

There is, then, a vertical distance of 4,000 feet from the top of the rim 
to the bottom of the lake. Mount Mazama rose 7,000 feet above the 
present crater rim, however, making a total distance of 11,000 feet from 
the top of the mountain to the bottom of the lake. But, below this, there 
must have existed an opening large enough to receive the 17 cubic miles 
of superstructure that is supposed to have collapsed. If the cross-sectional 
area of the neck of Mount Mazama is assumed to have been two square 
miles, an additional depth of 814 miles, or something over 44,000 feet, 
existed, making the total depth of the hole, from the top of Mount 
Mazama, about 55,000 feet. It seems patently impossible for such a 
cavity to exist in the earth’s crust. The pressure and heat developed at 
such a depth would cause the closure of the opening long before that 
depth were reached. 

There remains, then, the possibility that Mount Mazama collapsed into 
a huge irregularly spheroidal opening. But, again, an opening of 17 cubic 
miles, existing below 11,000 feet, is nearly as impossible a concept as the 
one required for the conditions already mentioned. 

Another point to consider is the fact that, after the destruction of 
Mount Mazama, three cones were built up on the bottom of the crater. 
Two are covered by the lake, and the only one that may be studied, 
Wizard Island, is composed of basic andesite fragments. The island was 
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built up from the bottom of Crater Lake to a height of nearly 2,000 feet, 
and, as far as observations have gone, no other material has been found. 
If the neck of Mount Mazama had been choked with dacite, pumice, and 
andesite from the collapsed superstructure, at least some indication of 
these materials should be present in the ejecta comprising Wizard Island. 

The possibility presents itself that the collapsed materials became fused 
at depth and were later ejected. The bulk of material comprising the 
upper part of Mount Mazama was dacite and dacitic pumice with subor- 
dinate quantities of andesite. Unless unusual magmatic differentiation 
took place, the andesite of Wizard Island would be less basic in character, 
owing to the assimilation of the acidic dacite. 

If the remote possibility of fusion and differentiation of collapsed mate- 
rial did take place, the mechanics of such a condition are again antagon- 
istic to the engulfment theory proposed by Diller. If sufficient heat were 
present to fuse all, or most, of the engulfed 17 cubic miles of rock frag- 
ments, there was far too much heat to allow an original opening large 
enough to receive the subsided materials. 

It will, doubtless, be pointed out that it is unnecessary to stipulate a 
“hole” or cavity into which the mass of Mount Mazama would fall, but 
that, through the process of magmatic stoping the previously extruded 
matter would be slowly melted and assimilated and, thus, obeying the laws 
of hydrostatics, be re-absorbed and re-distributed in the magma reser- 
voir. The writers do not believe there could have been a “hole,” but, if 
solid collapse occurred, one must have existed. They fail to see just how 
and why the normal extrusive processes in the case of this type of moun- 
tain would be reversed. In the Kilauea type, a low lava dome volcano 
of very basic and very fluid lava, this would be expected, but not in the 
composite cone type, such as Mount Mazama. 

There are two objections to the stoping theory: First, the absence of 
fused materials within the crater rim, and, second, the presence of caves, 
which are found almost exclusively in the andesite. Had the caves been 
formed by stoping instead of being simple flow cavities, there should be 
approximately the same number of caves in the dacite. Furthermore, if 
these caves were exposed to a stoping magma, it seems reasonable to 
assume that the magma would have filled the caves. Some geologists may 
advance the contention that these caves have been exposed during sub- 
sequent erosion, but the writers believe that the crater is a young physio- 
graphic feature and that there has been insufficient erosion to support this 
contention. The rim walls are steep and precipitous, the angle of repose 
of the talus is high, and the beach around the lake is exceedingly narrow, 
all attesting the youth of the crater. 

In support of engulfment and resorption in the new magma of the 
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materials of the upper part of the mountain, further chemical and petro- 
graphic study is needed. 

On this point, Ernest McKitrick, who worked on some phases of the 
problem, says: 

“The evidence for this would be the same as that cited by Fenner™ in his study 
of Katmai; the presence of basic phenocrysts in siliceous pumice and the gradational 
stages in the digestion of older rock. He also points out the presence of banded or 
variegated pumice and attributes this to the solution of more basic rock in the 
new siliceous magma just prior to eruption. So far as I have observed, such features 
are lacking at Crater Lake, and in the petrographic study made by Patton, I do not 
recall his pointing out such features.” * 


Since Patton’s study, accompanying Diller’s paper, very little petro- 
graphic and chemical research on the rocks of this region has been made. 
It is hoped that David Griggs, who spent several weeks in the field during 
the field season of 1935, and who collected an extensive series of samples 
of lavas and pyroclastics, will follow this paper with the results of his 
petrographic studies. 

The writers have given considerable thought to the possibility of gradual 
collapse by piecemeal stoping but have been unable to visualize this 
process in a mountain of this type. In volcanoes of the Kilauea type, this 
explanation seems reasonable, but not in one whose history, in the main, 
has been largely that of extrusion, much of it violent. 


RECORDS OF SOME PACIFIC RIM VOLCANOES 


The writers know of no volcano of the Pacific type that has certainly 
collapsed. In fact, they know of no mountain of any kind about the 
Pacific that has been engulfed, although Krijanovsky records a compara- 
tively recent eruption in Kamchatka of the voleano Klyuchevskoi, one 
of the great but apparently iittle known volcanoes of the world.’® In this 
eruption, “the sharp summit collapsed into the crater, destroying the 
symmetry of its wonderfully regular cinder cone.” 

Since this article was first written, Howel Williams has described the 
Newberry craters in central Oregon and has presented apparently sound 
arguments for subsidence and engulfment at that place.2° To the writers, 
however, conditions in the Newberry craters and their history appear 
markedly different from those at Crater Lake. 

As evidence of the general rule among Pacific Rim volcanoes, and not 


17 Clarence N. Fenner: The Katmai region, Alaska, and the Great Eruption of 1912, Jour. Geol., vol. 
28 (1920) p. 569-606. 

18 Personal communication. 

19 N. Krijanovsky: Volcanoes of Kamchatka, Geol. Soc. Am., Bull., vol. 45 (1934) p. 529-549. 

% Howel Williams: The Newberry volcano of central Oregon, Geol. Soc. Am., Bull., vol. 46 (1935) 
p. 253-304. 
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the exceptions, one need merely to call attention to the following ex- 
plosive eruptions within historic times: 


(1772) Papandayang, Java—9,000 feet elevation, 30,000,000,000 cubic 
feet of ejecta. Height of mountain reduced to 5,000 feet. 

(1815) Tamboro, Sumbawa, near Java—s50 cubic miles of ejecta. 

(1882) Galoongan, Java—Explosion, no estimate of amount of ma- 
terial ejected. 

(1883) Krakatoa, Sunda Straits—5 cubic miles blown away. 

(1888) Bandaisan, Japan—Greater part of cone blown away. 

(1911) Taal, Philippines—Old volcano crater disemboweled by explo- 
sion and crater lake formed. 

(1912) Katmai, Alaska—Explosion, 4.75 cubic miles of ejecta. 


The writers’ attention has been called, in conversation with Father 
Bernard Hubbard, to Aniakchak volcano in Alaska. Walter R. Smith, 
of the United States Geological Survey, believes that Aniakchak at- 
tained its present condition through explosion.2?_ It has a remarkable 
resemblance to the crater of Crater Lake. The orifice of Aniakchak 
(Pl. 6) is similar in proportion and shape to Crater Lake; it lacks a large 
lake nearly filling it. Owing to a breach in the wall, most of the Aniak- 
chak crater is now empty of water, though a small lake, Surprise Lake, 
does exist in the northeast quadrant. Near the south side is a single small 
secondary cone, built up subsequent to the great explosion, much as in the 
case of Wizard Island. By blocking off the lower portion of one of the 
panoramic views of this crater and coloring the lower portion blue to 
simulate the lake in Crater Lake, the likeness of it to Crater Lake is 
almost startling. Perhaps this proves nothing, but such physiographic 
resemblances may not be entirely fortuitous. 

In Italy, New Zealand, and elsewhere are many crater lakes, some with 
secondary cones and some without, but all, as far as can be learned at 
present, formed as a consequence of explosive activity. Mercalli *? records 
a crater lake, similar in size and appearance to Crater Lake, on the island 
of Niuafoou in the Tonga Archipelago. The physiography of this lake, 
8 kilometers in diameter, is, judging from his excellent photograph, almost 
a duplicate of that of Crater Lake except for the presence of two islands 
instead of one. This crater lake is said to have been formed as a result 
of a violent explosion in 1886. 

If one of the writers had not been familiar with the history of Taal 
voleano in Luzon, where an explosive eruption in 1911 and subsequent 
formation of a crater lake comparable in every way to Crater Lake 


2 W. R. Smith: Aniakchak volcano, Alaska Peninsula, U. S. Geol. Surv., Prof. Pap. 132 (1925) 


p. 139-149. 
2G. Mercalli: I vulcani attivi della terra (1907) p. 79, pl. EX. 
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except in size, was witnessed, he might be willing to entertain such an 
unusual hypothesis as that of engulfment at Crater Lake as a possibility, 
perhaps, tliough not as a probability. 

The eruption of Taal ** was of the Pelean type; more than a thousand 
persons were asphyxiated by the exploding gases. After the major erup- 
tion, the floor of the old crater was found to be completely gone and a 
large steep-walled crater, not greatly unlike that of Crater Lake, ex- 
cavated. It was about 260 feet deep, but in a few weeks it had filled with 
seepage water, and today a small crater lake exists where, prior to the 
eruption, one could walk over a fairly smooth floor. 


SUMMARY AND CONCLUSIONS 


Summarizing the preceding considerations, and others not elaborated 
in this article, the objections of critical importance to the traditional col- 
lapse theory seem to be the following: 


(1) The distribution, character, and known quantity of volcanic ejecta 
within a reasonable distance of Crater Lake seem to indicate that explo- 
sion is the most acceptable explanation for the origin of the crater of 
Mount Mazama. 

(2) The so-called “backflow” of Diller in Cleetwood Cove can be 
explained by faulting and slumping, in part, and also by the way the sec- 
tion was cut by the extrusion of material from the main vent. Even if 
this were a genuine “backflow”, it would not disprove explosion. 

(3) The shape and character of the materials of the crater are typical 
of known explosion volcanic craters. The shape of the crater at Crater 
Lake is remarkably like that of typical mine craters and quite unlike 
that of subsidence craters. 

(4) Molten material of recent age, which might have issued at some 
vent lower down on the slopes of Mt. Mazama, has not been found. 

(5) Glaciation of the surfaces about the rim has been overemphasized. 
Most of these surfaces have been completely concealed by pyroclastics, 
predominantly pumice. 

(6) Known subsidence craters, like that of Kilauea, exhibit strikingly 
different features from those found at Crater Lake. 

(7) Subsidence areas in the younger basalts outside the limits of 
Crater Lake show features in no way resembling what one finds within 
Mount Mazama’s crater. 

(8) All other volcanoes on the Pacific Rim, with possibly one or two 
exceptions, known to have partially destroyed themselves, have done so 
through explosion. 


23 W. E. Pratt: Phillipine Jour. Sci., vol. 6, no. 2, sec. A (1911) p. 63. 
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(9) The calderas of the Azores, of Italy, and of the Rhine region, all 
appear to be of similar origin and have hitherto been explained as caused 
by explosion. 

(10) The great mantle of pumice and other ejecta about Crater Lake 
has masked the coarser fragmenta, which Diller thought ought to be 
more in evidence. 

(11) Much of the finer ejecta from Mount Mazama may have been 
blown for hundreds, and even thousands, of miles from the crater; one 
cannot expect to find 17 cubic miles of such material all within a short 
distance of the mountain. 

(12) The mechanics of the problem, for a mountain of the explosive 
type, such as Mount Mazama, seem to offer insuperable difficulties to the 
engulfment explanation. 

(13) The closing stages of vulcanism, during which three newer cones 
of pyroclastic materials were built up within the giant crater, wouid seem 
to be quite at variance with general subsidence of the mountain. 

(14) A probable post-Mazama period of minor glaciation and later 
erosion by streams have removed an unknown quantity of the fragmenta 
that formerly covered this area. 

(15) None of the materials found on Wizard Island appears to be 
similar in composition or structure to those that formed the upper part 
of Mazama. 

(16) The ejecta of Wizard Island are of a composition that seems to 
preclude the assimilation of acidic rocks with any other known material 
in the vicinity of Crater Lake. 


University or Oregon, Evcene, Ore.; University or Missouri, Mo. 
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INTRODUCTION 


The Hudson River flows through five physiographic regions. Above 
Glens Falls, it courses through the ancient crystalline rocks of the Adiron- 
dacks; from Glens Falls to Newburgh, it follows the Great Valley of lime- 
stone and shale; south of Newburgh, it leaves the broad Appalachian 
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Valley to cross the Highlands, through a relatively narrow, crooked, and 
steep-sided gorge; from a point just southwest of Peekskill to the city of 
New York, it follows a contact between the metamorphic rocks on the 
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Stippled area shows distribution of old crystalline rocks. Small rectangle 


includes West Point and Schunemunk quadrangles. 


east and the over- 
lying Triassic on 
the west; below 
New York Bay, 
its channel is cut 
in the submerged 
Coastal Plain. 
The Hudson 
Highlands are a 
block of north- 
eastward-pitching 
pre-Cambrian 
crystalline rocks, 
separated from 
the Great Valley, 
on the northwest, 
by a thrust fault, 
and from the 
Piedmont, on the 
southeast, by a 
normal fault. For 
the purposes of 
this paper, these 
crystalline rocks 
may be divided 
into Grenville 
gneiss and gran- 
ite. More detailed 
classification, 
with petrographic 
descriptions, is 
given by Berkey 


and Rice.' In crossing this belt of ancient rocks, the Hudson traverses the 
granite through the Storm King-Breakneck gap, at the northwestern mar- 
gin, and the Dunderberg-Anthony’s Nose gap, at the southeastern border. 
Between these two extremities, the river follows the foliation of the gneiss 


and, as Berkey ? has shown, a fault zone. 


2C. P. Berkey and Marion Rice: Geology of the West Point quadrangle, N. Y. State Mus., Bull. 


225-226 (1921) p. 29-69. 
2 Op. cit., geologic map. 
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The primary object of this paper is to explain why the course of the 
Hudson River is through the crystalline rocks of the Highlands instead 
of along the strike of the limestone and shale of the Great Valley. The 
conclusion that the Hudson gorge in the Highlands is subsequent to the 
Highlands is based on the remarkable adjustment of the lower Hudson 
and its tributaries to weak zones in the rocks, the shorter distance to the 
sea as compared with other routes, and the late Tertiary date of origin, 
as indicated by erosion levels. 


PREVIOUS THEORIES OF ORIGIN 


The course of the Hudson River across the crystalline rocks of the 
Highlands has been explained as superposition. According to Davis,* 
the river assumed its present course on the surface of the Schooley pene- 
plane prior to, or at the time of, uplift and tilting of that surface. Firmly 
entrenched in the residual debris and alluvial deposits, the river has been 
able to retain its original course in spite of resistant rock encountered in 
down-cutting. Tarr * has, also, suggested a similar superposition upon an 
estuarine deposit of Triassic or Cretaceous age. Johnson ® explains the 
present pattern of Atlantic drainage by postulating superposition from a 
coastal plain cover of Upper Cretaceous sediments that extended from 
125 to 200 miles inland beyond the present inner margin of the Coastal 
Plain province, where it covered the Fall Zone peneplane of pre-Upper 
Cretaceous age. 

These theories of superposition of the Hudson have been proposed 
because its course appeared to disregard rock structures. Although it 
may not be possible to disprove them conclusively, if it can be shown that 
this river follows prominent belts of rock weakness and avoids more diffi- 
cult routes, it is no longer necessary to assume superposition. 


PRESENT THEORY OF ORIGIN 
REGIONAL SURFACE SLOPE 


In discussing the drainage in the Catskill Mountains, Ruedemann * 
has suggested that the present course of the Hudson River is the result 
of capture of a southwest-flowing branch of the original Susquehanna 
by a shorter Atlantic slope stream. This theory is supported by the 
present writer, who concludes that a hypothesis of progressive drainage 
adjustment best explains the present course of the river. Rock structure, 


2W. M. Davis: The Catskill delta in the post-glacial Hudson estuary, Boston Soc. Nat. Hist., Pr., 
vol. 25 (1892) p. 318-319; Dates of origin of certain topographic forms on the Atlantic slope, Geol. Soc. 
Am., Bull., vol. 2 (1891) p. 570-571. 

4R. S. Tarr: The physical geography of New York State (1902) p. 186. New York. 

5 Douglas Johnson: Stream sculpture on the Atlantic slope (1931) 142 pages, 21 figures. New York. 

6 Rudolf Ruedemann: Development of drainage of Catskills, Am. Jour. Sci., 5th ser., vol. 23 (1932) 
p. 337-349. 
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as well as distance to the sea, have been important factors in controlling 
this adjustment. 

Of the two factors controlling stream capture, rock structure and dis- 
tance to the sea, or base-level, the latter is the more important, for down- 
cutting is extremely slow after a stream has attained a graded condition. 
A long-flowing, low-gradient stream, even if on weak rock, is unable to 
compete successfully, in its headward portion, with a stream having the 
advantage of a much shorter and steeper course. 

Whether the original drainage on the northwest side of the Highlands 
was to the northwest, to the west, or to the southwest is not important. 
According to Ruedemann,’ the original Susquehanna followed the general 
trend of the Appalachian folds, southwestward from the Adirondack 
uplift, and probably emptied into the Gulf of Mexico. Short, southeast- 
ward-flowing streams drained the Atlantic slope of old Appalachia. In 
terms of this conception, the Highlands area was a drainage divide early 
in Mesozoic time, when the Atlantic coast was considerably east of its 
present position. The eastern border of old Appalachia began to founder 
at least as early as Lower Cretaceous time, and appears to have continued 
to sink, with some interruptions and reversals. The repeated eastward- 
tilting of this old land shortened the courses of the southeastward-flowing 
streams so as greatly to accentuate their advantage of slope over that of 
streams flowing southwestward. As a result, the headwaters of the 
former progressively tapped the drainage on the northwestern slope of 
the old land, thereby shifting the divide northwestward. Eventually, the 
southwestward-flowing longitudinal stream of the Great Valley was 
diverted to the Atlantic, through the present gorge in the Highlands. 

Probably, the present Susquehanna or the Delaware preceded the 
Hudson in making a gap through the old crystalline rocks. Thus, the 
southwestward-flowing longitudinal was a tributary of one of the former 
streams, and the Hudson still possessed the advantage of shorter distance 
to the sea. 

This method of progressive piracy would involve the breaking down 
of divides and the formation of cross valleys by headward erosion. As 
long ago as 1882, Low] ® attributed the gaps in the northern ridges of the 
Alps to this method of origin. Cross valleys, formed by headward erosion 
are seldom discussed as factors in Appalachian drainage. Davis °® early 
considered the gaps in the Appalachians as having been formed by ante- 
cedent streams, but later favored superposition. He said that one should 
find gaps in greater number and in all stages of development, were they 


7 Rudolf Ruedemann: The tangential master streams of the Adirondack drainage, Am. Jour. Sci., 
5th ser., vol. 22 (1931) p. 431-440. 

8 Fr. Lowl: Die Entstehung der Durchbruchstaler, Petermans mittheilungen (1882) p. 405-416. 

®°W. M. Davis: The origin of cross valleys, Science, vol. 1 (1883) p. 325-327, 356-357. 
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Figure 1. Storm Kine 
Looking northwest from Little Stony Point. Outcrops of basic dikes indicated by sags in crest profile; 
one, at elevation about 500 feet (road is 380 feet), another at 1100 feet, a third in large col near 
extreme left, between Storm King proper and Buttermilk Till. 


Figure 2. BrREAKNECK 
Looking north. Benches on front slope and notches in crest are caused by basic dikes, which dip 
northeastward. Rises from benches are along southwest-dipping cross joints. 
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Figure 1. Storm Kina 
Looking southwest from Breakneck. Large cross joint surface (lower left) 
parallel with river. Rise of structure along overthrust on lower right. Ravine 
(center) marks longitudinal basic dike. Dark line of trees (right) indicates 
basic dike cutting across the ridge. 


Ficure 2. BrReEAKNECK 
Cross joints parallel the river and dip steeply southwestward. Slightly 
disturbed basic dike, 20 feet thick, cuts across cliff from bench (left) normal to 
principal cross joints. 


CROSS JOINTS AND BASIC DIKES 
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formed by competitive headward-erosion. One does find numerous gaps 
in various stages in the ridges of the Highlands, and no ridge crest is 
uniform for any considerable distance. Water gaps are not more numer- 
ous, because the completion of one gap in a ridge immediately removes the 
necessity for other nearby gaps in the same ridge. Johnson ?° objects to 
this method of forming cross valleys, saying that a small stream cannot 
cut through a ridge of resistant rock and capture a larger stream located on 
weak rock. This is certainly true when the larger stream is actively down- 
cutting. But, after the larger stream has reached grade, it should be 
susceptible to capture, through one of its lateral tributaries, by a more 
active stream, working headward along a weak zone, from the opposite 
side of a col. The writer believes that this method of gap formation 
possesses far greater importance than has hitherto been assigned to it; 
he is convinced that the gorge of the Hudson River through the Highlands 
can best be explained by this method of headward erosion and progres- 
sive piracy. 

Evidence shows that a number of recent captures have taken place in 
the plateau area of New York State, by which drainage was diverted to a 
shorter course. Darton ‘* has shown that the Kaaterskill has robbed, and 
will continue to rob, the headwaters of Schoharie Creek. Fairchild ** 
has pointed out that the upper Delaware has diverted the upper Susque- 
hanna. Ruedemann** has referred to these, and other, instances of 
capture. In the south, Wright ** tells of the diversion of the headwaters 
of the westward-flowing New River, by a tributary of the shorter south- 
eastward-flowing Roanoke. The same author mentions other cases of 
capture of long, westward-flowing streams, by the shorter, southeastward- 
flowing streams in the Blue Ridge.*® 

From western Georgia, northeastward to the Hudson, the Atlantic- 
slope streams have been progressively successful in the conquest of the 
Appalachian Highlands. In Georgia and North Carolina, the drainage 
divide between the Atlantic and the Gulf is still in the crystalline rocks 
of the Blue Ridge; in Virginia, the Roanoke and the James rivers cut 
through the Blue Ridge and drain portions of the folded Appalachians; in 
western Maryland and southwestern Pennsylvania, the Potomac River 


2© Douglas Johnson: op. cit., p. 33-34. 

11N. H. Darton: Ezamples of stream-robbing 1n the Catskill Mountains [abstract], Geol. Soc. Am., 
Bull., vol. 7 (1896) p. 505-507. 

12H, L. Fairchild: The Susquehanna River in New York and evolution of western New York drainage, 
N. Y. State Mus., Bull. 256 (1925) p. 26, pl. 5. 

13 Rudolf Ruedemann: Development of drainage of Catskills, Am. Jour. Sci., 5th ser., vol. 23 (1932) 
p. 337-349. 

%4F, J. Wright: The newer Appalachians of the South, Part 1, Between the Potomac and the New 
Rivers, Denison Univ. Bull., vol. 34, no. 13, Sci. Lab., Jour., vol. 29 (1934) p. 61-70. 

3 F. J. Wright: The older Appalachians of the South, Denison Univ. Bull., vol. 31, no. 8, Sci. Lab., 
Jour., vol. 26 (1931) p. 234-246. 
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drainage begins at the eastern margin of the Appalachian Plateau; farther 
northeast, the Susquehanna and the Delaware drain considerable portions 
of the Appalachian Plateau; and the Hudson not only invades the plateau, 
but also carries drainage from the Ontario lowland by way of the 
Mohawk. More pronounced eastward-tilting of the Atlantic border, and 
narrower outcrops of crystalline rocks, could readily account for the 
greater success of the Atlantic-slope streams of the north as compared to 
those of the south. 


FQN. 


Mile 


Ficure 2.—Profile and structure section at the Storm King-Breakneck gap 


Natural scale. Flow lines pitch 25° NE. Two systems of cross joints, one dipping 65° SW, the 
other dipping northeast parallel with the flow lines. Basic dikes, indicated by cross-hatching, 
probably played the dominant réle in locating the gap at this point. 


ROCK STRUCTURES 


General statement.—Although regional surface slope is the most potent 
factor in controlling the general direction of drainage, structure determines 
the particular location of streams. The relation of the course of the Hud- 
son to certain rock structures in the Highlands seems to justify the belief 
in a subsequent origin for the gorge. As the Hudson follows a fault along 
the foliation of the gneiss, from Cold Spring to Anthony’s Nose, the only 
places where superposition has seemed to be indicated are at the north- 
western and the southeastern granite gateways. 

Northwestern gateway.—Figure 2 shows the structure at the Storm 
King-Breakneck gap. The granite here, as well as elsewhere in the High- 
lands, is characterized by flow lines, or mineral parallelism, with a north- 
eastward pitch of about 25 degrees. Closely spaced cross joints and basic 
dikes indicate a zone of weakness, along which the ridge was breached. 
The principal joints are arranged in three main systems. The first com- 
prises those joints that strike northeastward, parallel to the trend of the 
ridge, and dip almost vertically; the second, and largest, system consists 
of joints that strike approximately at right angles to the trend of the 
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ridge and dip about 65° southwest; the third system includes all those 
that strike in the same direction as the second but dip gently northeast- 
ward, parallel to the pitch of the flow lines. Thus, prominent joint systems 
in three planes separate the rock into prismatic blocks. Basic dikes follow 
each of these joint systems and accentuate the weakness of the rock, not 
only because of their basic composition but, also, because they are closely 
jointed; even the granite adjacent to the dikes shows a closer spacing of 
the joints than elsewhere. The dikes, as a rule, have the composition 
of a basic diorite, with soda-lime feldspar, abundant hornblende and 
biotite, and lesser amounts of other ferromagnesian minerals. Their out- 
crops are deeply weathered and are generally more or less concealed by 
debris. Boulders of this rock in the glacial drift of the Highlands, and to 
the south, are often so rotten that they crumble in the hands. 

Nine cross dikes are shown (Fig. 2), seven in Breakneck and two in 
Storm King. The benches, which characterize the front of Breakneck, 
correspond to the outcrops of the northeastward-dipping dikes; the rises 
are along the southwestward-dipping joint planes. The slope of the front 
of Storm King is more uniform than Breakneck and conforms, in general, 
with the pitch of the mineral parallelism, but shows angular changes 
where the dikes crop out and where the lowermost slope has been over- 
steepened by glaciation. Examination of this ridge, to the northeast and 
to the southwest of the gorge, shows a number of notches, some as much 
as 400 feet below the ridge summit. Each notch corresponds to the outcrop 
of one or more basic dikes; but nowhere else are the dikes so numerous 
or so closely spaced as they are at the gorge. This fact is considered strong 
evidence of subsequent origin for the Storm King-Breakneck gap. 

One would naturally infer from the exposed section of the gap that 
there are more dikes below the river level. Kemp‘ describes eleven 
longitudinal diorite dikes, from 1 to 30 feet in width, and two small cross 
faults, in the Catskill aqueduct tunnel, but makes no mention of cross 
dikes. A small, southwest-dipping cross dike on the Breakneck side, if 
it continues in depth, should have been intersected by the tunnel. The 
other exposed ones dip so as to miss the tunnel, but several of them should 
have been penetrated by the Breakneck shaft. Inspection of the dump 
heap indicates their presence there. In thickness, these cross dikes in the 
gap range from about 2 to 20 feet and total more than 70 feet. Because 
of the gentle dip of those on the Breakneck side, the total width of outcrop 
is about 125 feet. The basic composition of these dikes, the advanced 
stage of weathering and the recessed surfaces of their outcrops, the rotten 


16 J. F, Kemp: The Storm King crossing of the Hudson River by the Catskill aqueduct of New York 
City, Am. Jour. Sci., 4th ser., vol. 34 (1912) p. 5-7. 
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boulders of the rock in nearby glacial drift, as well as the topographic 
appearance of dikes of similar composition observed by the writer in the 
limestone of the Great Valley, indicate that this basic rock is no more 
resistant to erosion than is average limestone. If an equal volume of lime- 
stone cut through the ridge as these dikes do, one would probably not 
hesitate to ascribe a subsequent origin to the gap. 

Southeastern gateway.—Although prominent cross joints, carrying 
basic dikes, are in the water gap and in other notches of this ridge, 
faulting has occurred along the river and has probably exercised the 
dominant control in locating the gap here. From analogy with the one 
Colony ** found along Popolopen Creek, this fault is probably of Triassic 
age. The principal evidences of faulting are: (1) Marked difference in 
direction of strike of the foliation on opposite sides of the river. The 
foliation strike in Dunderberg averages about N. 40° E., whereas, on the 
opposite side of the river, it is approximately north-south (Fig. 3); (2) 
Offset of the Storm King granite along its trend. If the trend of the 
ridge made by the Storm King granite mass in Dunderberg Mountain is 
projected across the river, it passes at least half a mile to the southeast of 
the ridge of similar rock in Anthony’s Nose; (3) Absence of the Pough- 
quag quartzite on the west side of the river, although exposed east of the 
Hudson, just north of Peekskill. This may be due to displacement along 
the river; (4) Slickensides and crushed zones. The outcrops along the 
river show more pronounced crushed and sheared zones and slickensided 
joint surfaces than are found elsewhere in the Dunderberg-Anthony’s 
Nose ridge. Kemp has noted that “The Dunderberg exposures are rather 
conspicuously contorted and broken.” *® 

Not only must the particular path of the Hudson through the High- 
lands be examined but also its course south of the Highlands. The 
Atlantic-slope stream that could deepen its valley most rapidly would be 
in a better position than its neighbors to invade the Highlands and the 
area beyond. Emerging from the southeastern gap, the Hudson turns 
abruptly from its southeasterly course, to the southwest and follows the 
great fault along the border of the Highlands to Tompkins Cove, and 
the Triassic rock. From this latter point to the city of New York, the di- 
rection is almost directly south on the soft shale, along a contact between 
the Triassic sediments and the more ancient crystalline rocks.’® 

Thus, the course of the Hudson through the Highlands, and south- 
ward from the Highlands, is well adjusted. The river has chosen the 


17C. P. Berkey et al.: New York City and vicinity, 16th Intern. Geol. Cong., Guidebook 9 (1933) 
p. 27. Washington, 

18 J, F. Kemp: The dikes of the Hudson River Highlands, Am. Nat., vol. 22 (1888) p. 693. 

2® Henry Sharp: A pre-Newark peneplane and its bearing on the origin of the lower Hudson River, 
Am. Jour. Sci., 5th ser., vol. 18 (1929) p. 509-518. 
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Fiaure 3—Southeastern gateway to the Highlands 
Foliation strike is shown with arrows; faults are indicated with broken lines. 


easiest possible path within its immediate vicinity. Farther to the north- 
east and to the southwest, the area of crystalline rocks broadens north- 
eastward from the Hudson gorge and extends entirely to the Atlantic coast. 
Consequently, the task of cutting through this area by headward-growing 
streams would be a long and difficult feat, one which the Housatonic has 
not yet been able to accomplish. To the southwest, the nearest competing 
route is the valley of Ramapo River and Woodbury Creek. Here, the 
long, infaulted block of Paleozoic rocks probably makes the distance 
through the Highlands over crystalline rocks as short as that of the 
Hudson route. But the remaining distance to the sea must be considered. 
The Watchung and the Palisades sheets of hard igneous rocks were 
obstacles that prevented the success of this route, in competition with the 
easier course of the Hudson along the weak shale beds south of the 
Highlands. 
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ADJUSTED CONDITION OF THE STREAMS 


Not only is the Hudson well adjusted, but its tributaries in the High- 
lands also conform to rock weaknesses. If Figure 4 and Figure 5, which 
represent foliation strike and joints in the vicinity of the Hudson gorge 
and its Highlands tributaries, are compared with Figure 6, which shows 
the trends of the stream valleys, the conformity of the streams to the 
foliation and to the joints is ap- 
parent. Basic dikes in many of 
the joints increase their impor- 
tance as planes of weakness. 
Faults, where recognizable, seem 
to follow the foliation or a prom- 
inent joint system. The present 
adjusted condition of the Hudson 
rn and its tributaries to zones of 
relative weakness in the High- 
lands is strong evidence against 
superposition and in favor of 
conquest. As there are no more 
difficulties in the way of adjust- 
ment without superposition than 
with it, the argument that ad- 
Ficure 4.—Foliation strike justment has come about since 


Compiled from 343 measurements in the western synerposition is not of conse- 
third of West Point quadrangle and eastern sixth 
of Schunemunk quadrangle. quence. 


DATE OF ORIGIN 


General statement—The most favorable time for the diversion of a 
stream on weak rock by one cutting through more resistant rock is after 
the former has reached grade. Thus, the stream in the Great Valley 
should have attained its profile of equilibrium and been unable to resist 
aggression by a shorter, southeastward-flowing stream, which could cut 
to a lower level. Identification of the erosion cycles represented in this 
area should aid in determining the time of establishment of through- 
flowing drainage in the gorge. 

Number of cycles—Instead of the customary projected-profile method 
of showing erosion levels, Robert Balk, of Mt. Holyoke College, suggested 
to the writer that a chart and graph might be of more value for a limited 
area. Figure 7 comprises a chart and graphs of all summit elevations in 
the West Point and the Schunemunk quadrangles. For comparison, the 
Great Valley and the Highlands areas are shown separately. The most 
common elevation in the valley, presumably the Harrisburg peneplane 
level, is between 400 and 480 feet above tide. Another common level, 
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at 160 to 199 feet, includes the narrow bench and the stratified Pleistocene 
deposits along the Hudson, around Newburgh and Cornwall. In the 
Highlands section, the 220-foot level is the most conspicuous and is foun“ 
principally on the bench and terrace bordering the river. Around Peeks- 
kill and Verplanck, terrace deposits have elevations of 140 feet, or less. 
No distinct trace of an upland (Schooley) peneplane is evident. Also, 
the bench adjacent to the Hudson in the Highlands appears to be definitely 
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Figure 5.—Strike of joints Ficure 6.—Directions of stream 
valleys 


Same area as figure 4 
Constructed from 711 measurements. 


Including the Hudson and its tribu- 
tarics, in the same area as figures 
4 and 5 
Total length of valleys, 116 miles. 


below the Harrisburg level in the Great Valley, which latter level is not 
evident in the Highlands. 

It is usually inferred that the upland summits in the Highlands repre- 
sent remnants of the Schooley peneplane.*® The chart shows that the 
summits are as discordant as one could expect in an area of moderately 
high relief developed on rocks that are entirely crystalline. Indeed, the 
surprising feature of this landscape is not the uniformity of summit eleva- 
tions, but their diversity. Destructive agents have been selective in dis- 
covering and magnifying differences of resistance, so that the summit 
elevations depend more on the nature of the rock of which they are com- 
posed than they do on the level of a former erosion cycle, as Ashley *4 


2 W. M. Davis: Dates of origin of certain topographic forms on the Atlantic slope, Geol. Soc. Am., 
Bull., vol. 2 (1891) p. 554; Notes on geological excursions (southeastern New York), Science, n. s., 
vol. 2 (1895) p. 764. 

C. P. Berkey and Marion Rice: Geology of the West Point quadrangle, N. Y. State Mus., Bull. 
225-226 (1921) p. 142. 
21G. H. Ashley: Studies in Appalachian sculpture, Geol. Soc. Am., Bull., vol. 46 (1935) p. 1412-1436. 
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Ficure 7—Chart and graphs of summit elevations in West Point and Schune- 
munk quadrangles 


Figures at the right give number of summits at each elevation in 40-foot intervals. About 
one-sixth of the area of the two auadrangles is in the Great Valley. 
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has shown for the ridges of Pennsylvania. The highest summits are on 
thick masses of the Storm King granite and the synclinal Schunemunk 
sandstone. The possibility of the former extension of the Schooley pene- 
plane over this area is not precluded by the present discordant summits 
and their close correlation with rock resistance; but, if it was developed, 
its level must have been above that of the present highest summits. 

The bench along the Hudson, at an elevation of 160 to 220 feet above 
sea level, is fairly definite and probably represents partial base-leveling. 
This bench is present to the north of the Highlands, in the Great Valley, 
and also to the south, showing generally a slight slope downstream. Prob- 
ably because of slower subsequent erosion on the resistant rocks, the bench 
is slightly higher in the Highlands than it is to the north. It appears 
to correspond to the Albany peneplane farther north, which Ruedemann *” 
has dated as latest Tertiary. The rock surface of this bench is not as 
even as it appears at first sight, the irregularities being filled in with till 
and terrace deposits. Uplift interrupted the cycle before it had advanced 
far toward completion, for it was practically limited to the belt of gneiss 
in the immediate vicinity of the master stream. 

The amount of uplift that interrupted this Albany cycle cannot be 
accurately determined, because of subsequent subsidence. The bottom 
of the Hudson gorge, between Storm King and Breakneck, is between 
768 and 900 feet below sea level,?* but it is not known how much of this 
depth is due to glaciation. Johnson *™* believes that the gorge in the 
Highlands is a fiord, and that it is deeper there than it is farther south. 
The post-Albany uplift must have been of short duration, for the inner 
gorge of the Hudson is narrow, and many of the tributaries are hanging,”® 
a condition no doubt produced, in part, by glacial over-deepening of the 
main gorge. Subsidence to approximately the present level took place 
about the close of Pleistocene time, allowing sea water to enter the deep 
inner gorge and drown the mouths of the larger tributaries. Fairchild ** 
argues that this subsidence brought the area below its present level, but 
there do not appear to be any post-glacial features within the Highlands 
that require for their explanation a sea level higher than that which now 
exists. In fact, the complete absence of marine deposits and elevated 
shorelines is strong indication that no recent uplift has occurred.** Several 


22 Rudolf Ruedemann: Geology of the Capital district (Albany, Cohoes, Troy, and Schenectady 
quadrangles), N. Y. State Mus., Bull. 285 (1930) p. 19. 

2%3J. F. Kemp: The Storm King crossing of the Hudson River by the Catskill Aqueduct of New 
York City, Am. Jour. Sci., 4th ser., vol. 34 (1912) p. 1-4. 

*D. W. Johnson: The New England-Acadian shoreline (1925) p. 101-103. New York. 

%C. P. Berkey and Marion Rice: op. cit., p. 18. 

2H. L. Fairchild: Pleistocene marine submergence of the Hudson, Champlain, and St. Lawrence 
valleys, N. Y. State Mus., Bull. 209, 210 (1919) 76 pages. 

27 J. B. Woodworth: Ancient water levels of the Champlain and Hudson valleys, N. Y. State Mus., 
Bull. 84 (1905) 265 pages. 
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oscillations of level may have taken place during the Glacial period, but 
the details of Pleistocene history have not yet been worked out in this area. 
The bench along the Hudson, corresponding to the Albany level, indi- 
cates the existence of a considerable stream through the Highlands during 
late Tertiary time. The absence of the Harrisburg level in the gorge, 
and south of the Highlands, 
although well developed in the 
Great Valley, is evidence that 
there was no through-flowing 
Grainage in the Highlands dur- 
ing the development of the 
Harrisburg surface in the Great 
Valley. This evidence may be 
of considerable significance in 
dating the piracy. Probably, 
the Harrisburg peneplane of the 
Great Valley was developed by 
southwest drainage while the 
Highlands was still a drainage 
divide. When the divide was 
Ficure 8—Constitution Island and broken down by headward- 
vicinity growing streams, and the south- 
Atrows thew stele. west drainage was diverted to 
the shorter course, through the 
gorge, a new grade at a lower level was established, resulting in the forma- 
tion of the Albany surface. Thus, the lower (Albany) bench along the 
Hudson probably belongs to the same cycle as the higher (Harrisburg) 
level in the Great Valley. If this view is sound, the diversion of the 
southwest drainage to the present course of the Hudson must have taken 
place in Pliocene time. 


EFFECTS OF GLACIATION 
GENERAL DISTRIBUTION 


Glacial striae were found in only ten localities, the best ones being on 
top of Bear Mountain, where recent road work has exposed fresh bedrock. 
The striae show that the direction of ice movement on the upland was 
about 8. 30° E.; whereas, in the gorge, the direction was controlled to 
some extent by the valley walls. Commonly, the southeastern sides of 
the ridges are steeper than the northwestern sides. The ice, in moving 
southeastward over this area, no doubt subdued the northwestern slopes 
by scouring, and steepened the southeastern sides by plucking. Thick 
deposits of till are piled against the northwestern slopes. At Anthony’s 


Z 


Ba 


| 
= 


EFFECTS OF GLACIATION 1845 


Nose, however, the northwestern slope is more abrupt, because of over- 
steepening by the tongue of ice in the gorge, which follows the northwest- 
ern side of this ridge for some distance. The thicker deposits of till are 
found in the lowlands, so that the tributary streams are not now flowing on 
bedrock, except near the master stream, where most of them are hanging 
above the deep inner gorge. This inner gorge is wider where it cuts 
through the granite gateways than it is in the intervening gneiss area, 
evidently because of greater concentration and crowding of the ice between 
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Mile 4 VEATICAL SCALE 2 TIMES HORIZONTAL 
Ficure 9—Profile and structure from Bare Rock to Cold Spring 


Foliation pitches northeastward. The most prominent cross joints dip southwestward. 


the high walls of the granite portals. Its depth is not known anywhere 
except at the Storm King-Breakneck gap. 


ORIGIN OF CONSTITUTION AND IONA ISLANDS 


The abandoned channels on the northeastern side of Constitution Island, 
and on the southwestern side of Iona Island, have occasioned considerable 
speculation. Berkey believed that their origin is connected with Tertiary 
changes of level. 


“It is argued, for example, that the river channel at first passed to the south of 
Tona Island instead of the north side where it is now, and that this channel was 
established previous to one of these deposition epochs. During that time deposits 
were laid down filling the gorge, and when rejuvenated the river lodged on the 
opposite side of the valley from its former position, becoming entrenched there so 
firmly in the soft deposits that it has held that position ever since. Even when the 
hard rock was reached it kept the new position and the islands have resulted from 
continued erosion.” * 


The present writer believes it more reasonable to connect these changes 
with glacial modification of the gorge, and later subsidence. Constitution 
Island is structurally similar to the West Point promontory, being com- 
posed of the same granitized gneiss, which becomes progressively less 
granitized northeastward as the granite pitches beneath the surface. The 
structure in the West Point peninsula is that of a northeastward-pitching 
anticline in which the Storm King granite of the Bare Rock ridge plunges 
beneath the surface. The river, in its down-cutting, would find it easier 


2% C. P. Berkey and Marion Rice: op. cit., p. 145. 
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to flow around the nose of this structure and fix its channel on the present 
northeast side of Constitution Island. 

Iona Island is structurally similar to Anthony’s Nose, having the same 
direction of foliation and being composed of the same kind of rock. The 
belt of gneiss and limestone, which the river follows from Cold Spring, 
continues around the west side of Iona Island to the north side of Dunder- 
berg. The exceptional steepness and faceted front of Anthony’s Nose 
strongly indicates that this spur was recently truncated. The previous 
channel of the river was probably around the southwest side of Iona 
Island, and Anthony’s Nose spur was formerly longer and less steep 
(Pl. 4). 

These islands at great bends in the river, where tributaries enter on the 
outside of the bends, are such as to favor their production by a tongue 
of ice in the gorge. The abrupt turns made by the river in flowing around 
the ends of the spurs were too sharp to be followed by the ice, especially 
when crowded by tributary ice tongues on the outer side of the bends. 
More rapid ice erosion on the inner side of the bends, the southeast direc- 
tion of the general ice movement on the upland, and the presence of 
notches in the spurs (Fig. 9) were also contributing factors. Conse- 
quently, the tongue of ice in the main gorge was forced through a notch 
in each of the spurs, which was deepened and widened. Drowning of the 
over-deepened notches by late Glacial or post-Glacial subsidence isolated 
the ends of the spurs to form islands. 


CONCLUSION 


The higher summits in the West Point and the Schunemunk quadrangles 
are not sufficiently accordant to suggest an upland (Schooley) peneplane. 
The elevations seem to be closely related to the quality and the size of 
the rock masses composing them. The Harrisburg peneplane is repre- 
sented in the Great Valley by the preponderance of summits at an eleva- 
tion of about 460 feet, but is not present in the Highlands. The 160 to 
220-foot bench along the Hudson is correlated with Ruedemann’s Albany 
peneplane. It is believed that the Albany bench was formed during the 
later part of the Harrisburg cycle, after the diversion of the drainage 
from the Great Valley, through the Highlands. Iona and Constitution 
islands are believed to represent the ends of spurs that were isolated by 
a tongue of ice in the gorge and by recent subsidence. No convincing 
evidence was found to show that the area has recently been at a lower 
level than at present. 

Directions of stream valleys show a remarkable conformity to the 
foliation, prominent joint systems, and basic dikes. The notches, includ- 
ing water gaps, in the ridges of the Highlands, are believed to have been 
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Ficure 1. Iona Istanp 
Probably a remnant of Anthony’s Nose, severed from main ridge by glacial enlargement of a notch. 
Old channel, right; present channel, left. Playfield (left foreground) represents Albany erosion level. 
Dunderberg in right distance. 


Ficure 2. Nose 
Steep, triangular, faceted front is apparently the result of truncation by a tongue of ice in the gorge. 
Ravine (straight down from summit) represents postglacial differential eresion along a basic dike 
in the granite. 
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formed by headward erosion of streams from both sides, working along 
zones of weakness, such as closely spaced cross joints with basic dikes, 
pinching out of the granite, and faults. The larger gaps are characterized 
by weaker rocks than are the smaller ones, and have grown more rapidly 
over a long period. Special structural conditions at the gateways to the 
Highlands, the numerous cross dikes at the northwest, and the probable 
faulting at the southeast are considered to have been of great importance 
in fixing the location of the gorge. The Hudson is considered to be a 
subsequent stream through, as well as south of, the Highlands. It is the 
most successful of the many originally small Atlantic-slope streams 
that were competing for the drainage of this part of the Highlands. 
Because of a favorable location along weak-rock belts and a shorter dis- 
tance to the sea, it was able to work headward through the Highlands 
and to capture the original southwest drainage of the folded area. This 
capture probably occurred in Harrisburg time. 

Ashley ** has shown that the streams cutting through Kittatinny Moun- 
tain are at weak points in that ridge. Further studies should be made 
before reaching a final decision concerning the origin of the Atlantic- 
slope drainage. 


22G. H. Ashley: op. cit., p. 1406. 


Hunter Coiiece, New York, N. Y. 
MANUSCRIPT RECEIVED BY THE SECRETARY OF THE Society, Decemper 21, 1935. 
PRESENTED BEFORE THE GEOLOGICAL Sociery, DecemBer 28, 1935. 
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Approximate positions of ice tongues 
at close of main-outwash episode. 


Approximate positions of ice tongues 
early in main-outwash episode. 


Main outwash. (Valley-train gravel, 
sand, silt, and clay, both fluvial and 
lacustrine. Symbol shows dominant 
grain-size now exposed. Includes 
areas of bedrock; generalized, where 
patchy.) 


Local deposits of stratified drift, 
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Stratified drift on the plateau. (Not 
shown in scabland channels.) 


Spillway channels across divides, 
through which outwash drainage es- 
caped temporarily. 


Locations of strandlines described in 
text. 


Drift border. (In some places, ap- 
proximate only.) 


Drainage divide between highland and 
plateau. 
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GENERAL SETTING 


Eastern Washington includes two dissimilar regions—a northern high- 
land area and a southern plateau area. The northern highland consists 
of high, north-south mountain ranges, separated by broad, and rather 
straight north-south valleys, sculptured dominantly in crystalline rocks. 
The range tops rise from about 3000 feet, at the southern end, to more than 
7000 feet in places at the northern end, whereas the profiles of the present 
major streams descend, from 1500 to 2000 feet, in the north and east, to 
800 to 1000 feet, in the south and west. 

The highland is limited abruptly southward by the Columbia Plateau, 
whose basalt flows abut against, and lap over on, the highland. No 
drainage now passes from the highland across the plateau surface, for the 
contact of basalt and crystalline rock is followed closely by the west- 
flowing Spokane River and its continuation in the west-flowing Columbia, 
to which all drainage from the north is tributary. These streams have 
incised a deep canyon (here called the Spokane-Columbia canyon), whose 
present floor descends westward, from 1800 feet at Spokane to 800 feet 
near the mouth of the Okanogan River, whereas the surface of the plateau 
just beyond the south wall of the canyon stands at 2400 to 2600 feet. 
As the plateau surface has a continuous slope southward, the valleys drain- 
ing north from the plateau into the Spokane-Columbia canyon are only 
a few miles in length, and are narrow and steeply sloping. The position 
of the divide into which these valleys head, is shown on Plate 1. 


THE GLACIATION 


In the Pleistocene epoch, eastern Washington was partly covered by 
great piedmont glaciers, emanating from the north. The ice covered all 
except the highest parts of the highland and, in two broad sectors, en- 
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croached upon the plateau. The position of the ice margin at its maximum 
extent is shown on Plate 1. In another paper?’ the writer has voiced the 
opinion that this ice margin was contemporaneous throughout its length, 
that its date is probably Wisconsin, that the glaciation involved was 
apparently the latest glaciation of this region, and that there is some 
evidence of earlier glaciation in the drift-border zone. 

All the drift thus far examined in eastern Washington undoubtedly 
dates from the latest glaciation, although deposited at different times 
during that glaciation. The deposits include till and stratified drift, out- 
crops of the latter being far more numerous and extensive than outcrops 
of the former. Even with due allowance for till concealed beneath strati- 
fied drift, the actual volume of the stratified drift evidently greatly ex- 
ceeds that of the till. 

In many exposures, the stratified drift is more or less firmly indurated 
by a caliche-like carbonate cement. This cementation, irregularly dis- 
tributed throughout the region, might at first suggest that the indurated 
drift is older than the non-indurated drift. This is not the case, however, 
because the degree of lithification varies through a wide range in the same 
beds of a single exposure. 


DRIFT ON THE PLATEAU 
GRAND COULEE-CHELAN DISTRICT 


The more westerly of the two sectors through which the ice flowed out 
upon the plateau extends westward from the Grand Coulee to the vicinity 
of Chelan. Its outer margin is marked by a prominent end-moraine, 
built chiefly of till. Back of the moraine, on the plateau surface, are 
hundreds of constructional knolls of gravel, post-dating the moraine, and 
built in openings in the ice while this part of it lay motionless or nearly so. 
Slight movements of re-advance may, however, be recorded by faint, low 
end-moraine-like ridges, lying north of the end-moraine that marks 
the drift border.2 Coulees, and other valleys indenting the plateau 
surface, are partly filled with stratified drift, chiefly laminated silt, dating 
from slightly later, when the plateau surface was essentially ice-free, 
but while ice still occupied the Columbia canyon, thereby obstructing the 
normal drainage lines. 

CRESTON-SPOKANE DISTRICT 


The other sector along which the plateau was glaciated stretches from 
Creston to the vicinity of Spokane. Most of the till in this sector is thin 


1 Richard Foster Flint: Pleistocene drift border in eastern Washington (in press). 

2 The drift features are described by A. C. Waters: Terraces and coulees along the Columbia River 
near Lake Chelan, Washington, Geol. Soc. Am., Bull., vol. 44 (1933) p. 785-787; Richard Foster Flint: 
Pleistocene drift border in eastern Washington (in press); and in earlier references therein given. 
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and patchy. The stratified drift is confined chiefly to a broad, shallow 
depression in the plateau surface, drained northward by Deep Creek and 
Latah Creek and their tributaries, and southward by the head of one of 
the major scabland tracts described by Bretz.* It consists, in the main, 
of gravel and sand, rich in the local basalt, with a considerable admixture 
of metamorphic rocks and granites from the northeast and north. This 
material is spread over the plateau surface, and also forms thick fills, 
now dissected, in the short, north-draining pre-glacial valleys. Its upper 
surface locally reaches 2400 feet, but in most places it is somewhat less, 
lying between 2300 and 2400 feet. In a few places it overlies scabland 
and is, therefore, of later date than at least those parts of the scabland 
which it covers. It is not overlain by till, nor has it been observed to 
exhibit ice-thrust phenomena. Therefore, it was probably deposited 
during wastage, rather than during advance, of the ice. 

This mass of drift is of compound origin, including both fine sand with 
parallel lamination, built into, and filling, north-sloping valleys, and sand- 
and-gravel veneers of varying thickness, lying on the generally south- 
sloping surface. 

Latah Creek valley, although draining north, is connected with the 
south-draining valley system on the plateau, at a point 5 miles southeast 
of Spangle, by a hanging dry channel‘ of scabland type, the floor of 
which is at 2375 feet. The higher parts of the walls of Latah Creek 
valley, immediately south of Spokane, carry remnants of a fill of sand and 
gravel, which are continuous laterally with the veneer on the plateau 
surface. Exposures in the fill commonly show moderate- to strong-current 
bedding in successive courses, foreset south up the valley. Good sections 
of this type are exposed at the Moran Cemetery, NE 1 Sec. 9, and near 
the highway intersection, SE 44 Sec. 5, T24N, R43E. The upper surface 
of the fill is closely accordant with the floor of the hanging channel to 
which reference has already been made. The ice, blocking Latah Creek 
valley, impounded a lake near its head, which spilled over the low regional 
divide into the plateau drainage system, cutting the channel. The lake 
lengthened northward as the ice wasted, and sand and gravel were built 
toward the lake, from ice near the mouth of Latah Creek and north of the 
Moran-Glenrose depression, which carries a thick fill of sand and gravel, 
foreset south, continuous with the Latah Creek fill. 

The stratified drift that veneers the plateau west of Latah Creek con- 
sists mainly of fluvial sand and gravel, built by south-flowing streams 
eraded to the intakes of several distinct channels of the scabland tract. 


3J Harlen Bretz: Glacial drainage on the Columbia Plateau, Geol. Soc. Am., Bull., vol. 34 (1923) 


p. 585. 
4Thomas Large: The glaciation of the Cordilleran region, Science, vol. 56 (1922) p. 335. 


J Harlen Bretz: op. cit., p. 583. 
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The elevations of the intakes range from 2400 down to about 2250 feet. 
Probably, the deposits were built while the ice still rested on the plateau 
surface and in the north-draining valleys, giving rise to streams whose 
profiles, judging from the inclination of the aggraded surfaces, varied up 
to 50 feet per mile, minus a possible factor of unknown value, resulting 
from post-glacial crustal upwarping to the north. 

The plateau veneer, particularly on Sunset Prairie, north of Medical 
Lake, includes two generations of deposits, consisting of low knolls of 
coarse rubbly gravel, surrounded and partly buried by finer deposits. As 
there is no indication of any great time interval in the unconformity be- 
tween them, it seems likely that the knolls were accumulated in immedi- 
ate contact with the ice, and that the later deposit is normal outwash built 
around them. Persistent buried ice is recorded by sags and kettles in the 
outwash itself, mostly on Sunset Prairie. 

The valley of Deep Creek carries a thick fill of laminated sand that is 
later than the adjacent plateau veneer. It is well exposed near Deep 
Creek station and near the railroad crossing, a mile northeast of Espanola. 
This fil! probably replaced the ice as it wasted out of the valley and left 
a lake ponded in its place. 


LOCAL BODIES OF STRATIFIED DRIFT 
GENERAL CHARACTER 


The sides of all the major valleys—notably, Columbia, Okanogan, 
Nespelem, Sanpoil, Columbia, Colville, Spokane, and Little Spokane val- 
leys—carry accumulations of stratified drift, which have these characters 
in common: (1) They block the mouths of large tributaries and completely 
fill small tributary entrants. Some masses are common to two, or more, 
adjacent tributaries. (2) Most of them stand at elevations higher than 
the conspicuous outwash fills described later in this paper, and are most 
abundant between 1800 and 2500 feet; some of those lying well to the 
north, however, are lower than the outwash fills farther south. (3) They 
have subflat to undulatory upper surfaces and consist of gravel, sand, silt, 
and clay, the visible fragments in many instances being slightly worn, and 
derived predominantly from the rocks immediately surrounding the 
entrants in which the deposits are found. This local derivation is especially 
notable in entrants off the upper Spokane Valley and the Little Spokane 
Valley, where the granitic and gneissic sediments of these deposits, identical 
with the local rocks, contrast sharply with the predominantly argillitic 
character of the outwash fill adjacent to them in the main valleys. (4) 
Fills in entrants on opposite sides of a major valley do not accord closely 
in elevation, indicating the influence of separate base-level controls. 
Similarly, most of them show little linear unity of elevation. 
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ORIGIN 


Most of these bodies of drift were accumulated in entrants off the major 
valleys, when the valleys were filled with ice, and the entrants carried 
streams and lakes that were held to high local base-levels, and acted as 
catchment basins for waste contributed chiefly from short tributary 
streams and from the adjacent slopes. It is noteworthy that such accumu- 
lations are not present in the Columbia canyon between the vicinity of 
Creston and the Grand Coulee, which, on other evidence, is believed not 
to have been glaciated.® Most of the accumulations lie at elevations 
higher than the main outwash fill, to be described later, and, therefore, 
antedate the fill; others, however, lying in the valleys to the north, are 
lower than the extrapolated profiles of the fill, which is there absent. These 
post-date the fill and are referable to later stages of wastage of the glacier 
lobes. Similar conditions in a segment of the Okanogan Valley have been 
detailed by the writer.® 

One group of erosion remnants of deposits of this type, in entrants along 
the north side of the Spokane Valley, in the 10-mile segment between 
Spokane and Newman Lake, integrate fairly well into a profile descending 
westward, and include from 25 to 50 per cent foreign material in the larger 
grain sizes. These are indicated on the map (PI. 1) as local bodies, but 
are regarded as transitional into the category of outwash fill. 

Small remnants of a somewhat similar fill are found in two entrants in 
the south wall of the Spokane canyon, near Long Lake Falls, in the S %4 
Sec. 34 and the SE 1% Sec. 26, respectively, T27N, R39E. An extensive 
opening in the former locality shows an 80-foot vertical exposure of the 
tangential foreset-bottomset beds of a delta, consisting of coarse gravel 
grading out into coarse sand, basalt being the dominant lithologic con- 
stituent. The remnant is too fragmentary to indicate whether it is a part 
of a former continuous fill in the Spokane canyon, or a relic of a more 
local deposit, built in a water body ice-dammed in the canyon proper. As 
no other similar remnants have yet been found, the latter relationship 
seems the more probable. 

CLAYTON LAKE FILL 


Although most of the local bodies of stratified drift cover areas of less 
than one square mile, two of them are so large as to deserve special men- 
tion. The first, here called the Clayton lake fill, lies in a basin draining 
east into the Little Spokane Valley, and covers an area of about 130 square 
miles. The towns of Deer Park and Clayton are built on its surface, a 
broad gently undulating plain drained by Dragoon Creek and its tribu- 


5 Richard Foster Flint: Pleistocene drift border in eastern Washington (in press). 
6 Richard Foster Flint: ‘‘White-silt’’ deposits in the Okanogan Valley, British Columbia, Royal 
Soc. Canada, Tr., sect. IV, vol. 29 (1935) p. 107-114. 
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taries. As this area has been logged off and cleared, its topographic details 
are distinctly revealed. The material is sand, mostly fine, and delicately 
laminated, pale-gray silt and clay. The silt and clay, at least in surface 
exposures, are confined to an area probably less than one-tenth that of 
the deposit as a whole, lying between Deer Park and Clayton, northwest 
of the center of the plain. Owing to the low relief of the plain, exposures 
are shallow, and, where the sandy fill has been cut by the Little Spokane 
River, the surface is generally covered with a veneer of eolian sand. The 
best section, in the face of the clay pit of the Washington Brick Company, 
at Clayton, shows a maximum thickness of 20 feet of horizontally lami- 
nated, white silt and pale-gray clay, containing imbedded erratic glaciated 
stones, and resting on an irregular surface of decomposed granite. Other 
erratic stones, some of them striated and polished, and evidently berg- 
rafted, are found in various parts of the plain, in shallow sections and on 
the surface. One, a granite erratic in the NE Sec. 31, T29N, R42E, 
measures 10 by 7 by 5 feet. Other sections in the silt and clay show thin 
wedges of fine sand with rolling bedding and coarser sand definitely cross- 
bedded, such as would be made by stream currents entering a shallow 
lake. At two points, fine till-like m.:terial was observed, interbedded with 
a sandy phase of the fill. 

In several exposures, clay and silt are conspicuously limonitized, a 
condition not common in the glacial deposits of this region. Limonitiza- 
tion, however, is a function of “tightness” of the sediment, as well as of 
time, and, as the undisturbed surface of this deposit precludes the 
hypothesis that it antedates the drift on the Plateau, this secondary 
alteration is not regarded as significant of age. 

The surface of the Clayton lake fill meets the inclosing, higher land, 
on the north and west, along a well-marked line, which declines from 
nearly 2450 feet north of Clayton to about 2350 feet southwest of Deer 
Park. The contact becomes less distinct toward the southeast, and de- 
scends to 2150 feet at the southeast edge of the plain, about 12 miles 
north of Spokane. The general surface of the fill is much lower than its 
margin, being only 2250 feet at Clayton (200 feet lower tha. the margin 
less than 2 miles north), and only 2100 feet at Deer Park, near the center 
of the plain. This is probably, in part, an initial depositional slope of 
material contributed from the north, and, in part, the result of differen- 
tial compaction of a fill of varying thickness. Post-glacial warping may 
also have been a factor. The northeast margin of the plain is an east- 
facing scarp, at least in part cut by the Little Spokane River, but, just 
west of the scarp crest, the plain slopes southwest, indicating contribu- 
tion to the fill by stream water from the Little Spokane Valley. 

This fill clearly records a lake, but, as it has no counterpart in the 
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many entrants along the east side of the Little Spokane Valley, its exist- 
ence probably dates from a time when the axis of the valley was occupied 
by a broad lobe of ice. As no shore features have been identified, the 
plane of the lake surface has not been determined. The plain is well 
inclosed on the north, west, and south, by high steep slopes, except in 
Sec. 16, T28N, R41E, where it connects by a narrow saddle in decomposed 
granite, at very nearly the elevation of the margin of the plain, with a 
short tributary to the Spokane canyon. As there is no indication of 
stream flow through the saddle, either the lake surface failed to rise to 
that height, or it rose higher, flooding the saddle, and filling those parts 
of the Spokane canyon evacuated by the wasting ice, the saddle effec- 
tively preventing the carrying through of sediment in quantity from the 
basin on its north side. The latter explanation seems the more probable, 
especially as there is evidence, hereinafter detailed, of high-level, open 
water in the Spokane canyon. 


WELLPINIT LAKE FILL 


The second fill occupies a similar basin on the west side of the valley 
of Chamokane Creek, with much higher land to the west. The fill 
veneers the surface of an extensive mesa of basalt, cut off from the pla- 
teau, on the south, by the Spokane canyon. It covers an area of more 
than 100 square miles. As the Wellpinit Indian Agency lies at its west- 
ern margin, it is here referred to as the Wellpinit lake fill. Because most 
of it is densely timbered, the surface features are less distinct than those 
of the Clayton lake fill. It is a broad plain with a gently rolling surface, 
drained south by Little Chamokane Creek, Cottonwood Creek, and other 
small streams. It consists of gray-buff silt and sand, the silt well lami- 
nated, the sand commonly showing no distinct stratification, but both 
sand and silt containing scattered erratic stones, up to 12 inches in diam- 
eter. Along the eastern margin of the fill, these sediments are inter- 
bedded with thick wedges of typical till, showing that ice in the Chamo- 
kane Valley was in contact with the east face of the basalt mesa whose 
surface carried the lake, while the sediment was accumulating. This rela- 
tionship is clearly exposed in road cuts in the SE 4 Section 20 and SW 14 


Section 21, T29N, R40E. The fill feathers out irregularly along the - 


northern margin of the mesa, suggesting that here, also, the lake water 
rested against a cliff of ice. 

The upper surface of the deposit approximates 2500 feet at its northern 
end (slightly north of the latitude of the northern end of the Clayton 
lake fill) and declines to about 2375 feet at its southern end, southeast 
of Wellpinit. There are several channels in this vicinity, notably in 
Secs. 2 and 3, T27N, R38E, which have been stream-plucked and stream- 
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scoured, and whose floors are nearly flush with the surface of the fill. 
These channels lead south into the Spokane canyon, and probably were 
the spillways that controlled the surface of the lake, at least during the 
later part of its history. It is possible that, earlier in its history, this 
lake was continuous with standing water in the Spokane canyon, which 
spilled south across the plateau, through scabland intakes in the sector 
between Davenport and Creston. 


STRANDLINES 


At several points along the Spokane and the Columbia rivers, grassy 
slopes, high on the valley sides, carry fine horizontal lines, parallel and 
separated by vertical intervals of a few feet, locally accompanied by a 
barely perceptible benching of the slope profiles. These are believed 
to be remnants of the strandlines of temporary, ice-dammed lakes, dating 
from about the time of the local bodies of drift, just described. They 
post-date any fills of drift—if such existed—at the elevations at which 
they occur, because, not being bedrock features, they could not have 
survived burial and exhumation. They have been observed only on 
grassy slopes and only on salients; never on bare rock or in niches. From 
two to six, or more, are usually present. They are found in these places: 


Approximate 
Location elevation (feet) 
N 1/2 Sec. 30, T28N, R32E, east of Grand Coulee.................. 2000+ 
E 1/2 Sec. 36, T28N, R32E, 9 miles north of Wilbur................ 2000+ 
E 1/2 Sec. 14, T28N, R32E, east wall Plum basin.................. ? 
Center Sec. 13, T28N, R32E, west of Sanpoil River................. 2000+ 
Center Sec. 7, T28N, R33E, west of Sanpoil River.................. 2000+ 
S 1/2 Sec. 34, T29N, R33E, east of Sanpoil River................... 2000 + 
SE 1/4 Sec. 25, T26N, R41E, near Ninemile Falls. ................. 2150-2200 


These markings are closely similar to the strandlines of glacial Lake 
Missoula, in western Montana, described by Davis.?. The features are 
too fragmentary to permit any correlation, but they surely record a lake, 
or lakes, with fluctuating surface, ponded in the valley segment between 
the Okanogan lobe, at the Grand Coulee, and the vicinity of Spokane. 
No remnants of hanging deltas, which could be correlated with these 
strandlines, have yet been observed. 


OUTWASH FILL 


ADVANCE SUMMARY 


The Spokane-Columbia Valley and its immediate tributaries carry 
remnants of a thick and extensive fill of gravel, sand, and silt, washed 


*™W. M. Davis: Features of glacial origin in Montana and Idaho, Assoc. Am. Geogr., Ann., vol. 10 
(1920) p. 135. 
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out from ice in the valleys of the highland and deposited under generally 
ice-free conditions. The fill, which stands at elevations lower than the 
local bodies of drift described in the preceding section, records at least 
two principal episodes of aggradation, each involving both fluvial and 
lacustrine conditions. The record of the earlier episode is confined to 
the Spokane Valley, and consists of a fill probably graded to a dam 
consisting of the Columbia glacier lobe (a lobe that occupied the north- 
south Columbia Valley, north of the plateau) and its immediate out- 
wash, across the mouth of the valley, at a relatively high elevation. The 
later episode is recorded throughout the Spokane-Columbia Valley (PI. 
2, fig. 1) down to a point below the Grand Coulee intake, and is present 
also in tributary valleys. This fill is graded to the hanging floor of the 
Grand Coulee, and was built when the Columbia canyon, downstream 
from the Grand Coulee intake, was blocked by ice of the Okanogan 
glacier lobe, so that the glacial Columbia was forced to detour through 
the Coulee. The deposits were greatly augmented by contributions from 
the glacier lobes in the tributary valleys entering from the north. 


CROSS PROFILE 


General statement.—Although the majority of the elevations obtained 
in the field (by Paulin altimeter, tied to local bench marks) are be- 
lieved to have been determined within a limit of accuracy of 20 feet, the 
local relief on the fill surface introduced complications into the attempt 
to restore the initial long profile of the fill. The cross profile, probably 
not originally horizontal, is still less so now, as a result of several fac- 
tors; among which, four are outstanding. 

(1) Fans.—The fill surfaces are now well covered with fans of vari- 
ous sizes (Pl. 8, fig. 1), some of them recent and some, especially the 
larger ones, built integrally and contemporaneously with the fill itself. 
As the fans are numerous and merge tangentially with the adjacent sur- 
faces, it is difficult to select a vertical-control reading point that is clearly 
not higher than normal as a result of fan-building. On a small fill 
remnant, entirely fan-covered before dissection, it is impossible. 

(2) Compaction slopes——Even in inter-fan areas, broad remnants of 
the fill surface slope from the margins toward the axis of the canyon, at 
rates up to 100 feet per mile. These slopes appear to be the result of 
differential compaction of thick fills, the total compactive settling of 
fragments of uniform size and shape being proportional to the thickness 
of the fill, which increases in the direction of the valley axis. 

(3) Eolian deposits—In many localities, the fill surfaces are veneered 
with eolian deposits, ranging from thin loess caps and spreads of sand, 
up to well-developed dunes (PI. 7, fig. 1). The thickness of such de- 
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posits, however, is, in most places, probably no greater than the margin 
of error involved in the elevation readings. 

(4) Colluvium.—lIt is not entirely safe to attempt to eliminate the 
compaction error of selecting points at the inner, or canyon-wall, margin 
of the fill, owing to the presence of colluvial debris, derived from wasting 
of the slope above, and giving a tangentially curved profile, from slope 
to fill. The thickness of the colluvium is nearly always concealed, be- 
cause exposures of this part of the fill occur only in trenches made by 
small tributary streams, and, in these trenches, the colluvium is replaced 
or augmented by fan debris. 

Although these factors impair the accuracy of the results, they do not 
seem to obscure the restoration of profiles, as the agreement among the 
remnants (Pl. 6) is good. 

EARLIER EPISODE 

The fill related to the earlier episode is recorded by eight erosion rem- 
nants in the mouths of tributary valleys and smaller entrants, on both 
sides of Spokane Valley, at, and east of, Spokane. Seven of the rem- 
nants are of the order of one square mile, or less, in area, but the mass 
that blocks the mouth of the Little Spokane Valley is more than 18 
square miles in area. Of the small remnants, two are small, terrace-like 
masses with sub-flat tops, banked against the steeply sloping walls of 
niche-like entrants in the valley sides, and having erosional scarps facing 
Spokane Valley. The other five do not, and never did, fill the entrants 
in which they are found. They are blockades, rather than complete 
fills. From the floor of Spokane Valley, they rise, with steep proximal 
slopes, to crests nearly 100 feet high, and slope down into the tributaries, 
at a rate from 20 to 80 feet per mile. The distal slopes are construc- 
tional foreset slopes, as proved both by their form and by their relation 
to the stratification and size-gradation of the component material. These 
distinctly asymmetric masses superficially resemble bars built along the 
margins of Spokane Valley, but, like the two, small, terrace-like rem- 
nants already described, their proximal slopes are distinct erosional 
scarps, concave in plan, undercut by the Spokane River. The blockades 
are, therefore, not bars but remnants of a former continuous fill, which 
has been reamed out except in these few rock-defended localities. 

The component material consists chiefly of angular fragments of argil- 
lites and quartzites from the Belt series, with subordinate pale, coarse- 
grained granites and pieces of the local basalt. The granite fragments 
are generally larger than the fragments of metamorphics, because they 
are less cleavable, and, being larger, they are more thoroughly stream- 
abraded. Numerous exposures show coarse gravel grading through fine 
gravel into sand, away from Spokane Valley and into the tributaries. 
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The bedding is commonly arranged in courses of foresets, several inches 
to several feet in amplitude, dipping uniformly into the tributaries. Near 
the distal margins, zones of parallel, nearly horizontally stratified sand 
are interbedded with the foreset courses. Beyond the distal ends of three 
of the blockades are deposits of laminated silt, recording water ponded 
in the tributaries by the blockades. Two of the blockades still retain 
lakes 8—Liberty Lake and Newman Lake (PI. 2, fig. 2; Pl. 3, fig. 2)— 
and one retains a marsh (Saltese Marsh), converted from an intermittent 
lake by recent artificial draining. Each of the blockades has a high- 
level outlet, higher than the floor of Spokane Valley, along its western 
(down-valley) margin, showing that, at times, ponded water escaped 
into Spokane Valley, by the lowest route around the blockade. Two of 
the blockades, including the great one at the mouth of the Little Spokane 
Valley, are scarred with high-level channels entirely around their distal 
peripheries, indicating breaching of the blockades by water flowing in 
from the main valley, around the fill, and out into the main valley again. 

The former continuous fill, of which the blockades are remnants, con- 
sisted of outwash gravel and sand, built by a braiding, aggrading stream 
of melt-water originating in the Pend Oreille-Rathdrum Valley glacier 
lobe. Deposition took place from the braiding channels outward, giving 
a cross profile convex-up, like that of a macadam road. At times, chan- 
nels discharged into tributaries, building up foreset slopes and ponding 
the tributary drainage. Channel shifting, continuous on valley trains, 
caused intermittent abandonment of the foreset slopes. In this way, the 
successive courses of foresets were built. The present foreset slopes can- 
not be regarded as exactly contemporaneous, as the last abandonment of 
the several lateral fills by melt-water must have occurred at slightly dif- 
ferent times with respect to the time of greatest aggradation along the 
axis of Spokane Valley. Thus, because their elevations, plotted in an 
east-west vertical plane, integrate into a fairly consistent profile, in- 
clined down Spokane Valley, they are referred to a single episode of 
aggradation, without the implication of exactly contemporaneous origin. 
Restoration of the long profile of the aggrading stream depends on trans- 
verse interpolation between blockade remnants on opposite sides of the - 
valley. However, as the remnants are not quite contemporaneous, and 
as the interpolated cross-profile must be convex-up, the long profile 
cannot be restored with accuracy. 

The eastward continuation of this valley in Idaho carries a continuous 
fill, which is believed to be essentially a less-dissected continuation of 


8W. M. Davis: op. cit., p. 115. 

® The total fill in this valley is 1300 feet thick at a point west of Athol, Idaho; 1100 feet thick, 
somewhat farther south; and 600 to 700 feet thick at Rathdrum, Idaho, close to the valley margin. 
These figures, derived from well records, were furnished by A. L. Anderson. 
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Figure 1. View East up SPOKANE VALLEY 
From 15,000 feet above Spokane, showing outwash fill, basalt plateau, and 
Newman, Hauser, Liberty, Coeur d’Alene, and Pend Oreille lakes. 


Ficure 2. Liperty Lake 
Seen from the northwest, at 10,000 feet altitude, showing outwash blockade 
(left foreground). 


SPOKANE VALLEY 
(Photos by 116th Photo Section, Washington National Guard) 
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Figure 1. West BRANCH OF LitTLE SPOKANE RIveR 
View north from 11,000 feet above Deer Park, showing (south te 
north) Eloika, Fan, Horseshoe, Trout, Sacheen, and Davis lakes. 
Clayton lake fill, veneered with dune sand (left foreground), Pend 
Oreille Mountains (left background), and Priest River Mountains 
(right background). Broad, light-colored patch is floodplain of 
Clark Fork River, cut in lacustrine silt. 


Figure 2. NewMAN LAKE 
View from the southeast, at 5,000 feet elevation, showing outwash 
blockade (right foreground). Cultivated patches near the lake are 
chiefly in lacustrine sitt’and sand. Mt. Spokane in the background, 


SPOKANE AND LITTLE SPOKANE VALLEYS 
(Photos by 116th Photo Section, Washington Nattonal Guard) 
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the profiles of uae remnants just described. Coeur d’Alene Lake, Fernan 
Lake, and Hayden Lake, along its northeastern margin, are held in by 
its constructional marginal slopes, but Twin Lakes and Spirit Lake, on 
its northwest margin, are retained by remnants of still higher and slightly 
earlier fills which were built in proximity to glacier ice. 

As the outwash remnant that blocks the mouth of the Little Spokane 
Valley underlies the northern, or Lidgerwood, section of the city of 
Spokane, it may be conveniently termed the Lidgerwood mass. Eighteen 
square miles in area, it forms a complete fill, three to four miles wide, 
between broad, mesa-like remnants of the plateau basalt that formerly 
extended tongue-like up the valley. The Little Spokane River avoids 
this fill by following a canyon through the western mesa of basalt. The 
canyon itself, however, antedates the fill. 

Like the smaller blockades, the Lidgerwood mass (Fig. 1), which 
extends to unknown depth and is probably very thick, consists of gravel 
and sand, foreset predominantly northwest, with a component up the 
tributary valley. The south (proximal) face is a scarp, undercut by the 
pro-glacial Spokane River, flowing on a lower profile, of later date. Ex- 
posures, 60 feet deep in this scarp, where it is crossed by Post Street 
and by Division Street, show gravel only, ranging from the finest sizes 
up to about 6 inches in diameter, with erratic boulders up to 4 feet in 
diameter. The bedding consists of giant courses of foresets, directed 
northwest, the courses ranging from 4 to 10 feet in thickness. Extensive 
exposures, up to 65 feet in depth, from the city line north along the north- 
western (distal) margin of the fill, show well-sized, very fine gravel, with 
few pebbles reaching 2 inches in diameter, the bedding ranging from thin 
courses of foresets, through great foresets, 15 feet in amplitude, to nearly 
horizontal, parallel-bedded, fine gravel, with some thin lenses of sand 
(Pl. 4, fig. 1). 

The component material consists chiefly of quartzites and argillites 
with subordinate granites in the smaller blockades, all derived from the 
northeast, and most of them foreign to the Spokane district. The 
stratification, with its characteristic courses of foresets, records upbuild- 
ing by a shifting stream, graded to a rising base level, and the gradation 
north, up the tributary, into finer sizes with more uniform bedding, indi- 
cates that this fill originated in a manner similar to the smaller block- 
ades. On first examination, the surface form of the fill does not seem 
to bear out this interpretation, for, although sub-flat, it is highest near 
its northern (distal) margin, where, unlike some of the smaller block- 
ades, it has been conspicuously undercut by Little Spokane River, and 
slopes down gently southward, against the foreset bedding, to its southern 
(proximal) margin. The slope, measured along Division Street, amounts 
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to 25 feet per mile. It appears to have been reversed since the fill was 
built, and is probably the result of differential compaction. The fill is 
thick. It was built northward upon a valley floor that slopes south. 
Hence, neglecting grain size, which is known only in the extreme upper 
part of the fill, and assuming a constant coefficient of compaction, the 
net settling of the surface should decrease from south to north. In this 
way, an initial constructional slope toward the north may have been 
later converted into a compaction slope toward the south. 

Each of the lateral margins of the fill is cut by a broad, marginal chan- 
nel that follows the contact between the fill and the bedrock of the valley 
side. The western channel averages 1000 feet in width and 50 feet in 
depth. The eastern channel, occupied by the town of Hillyard, is about 
3000 feet wide and 40 to 50 feet deep. The channels exhibit alternating 
undercut and slip-off slopes and are clearly stream-cut. Their long 
profiles are somewhat irregular, and, owing to the factor of differential 
compaction, the directions of flow of the cutting streams are uncertain. 
They may have been cut by streams discharging from the ponded Little 
Spokane Valley, immediately following completion of the blockading 
fill. 

The high base level necessary for the aggradation of the whole body of 
fill was probably provided by the Columbia glacier lobe, which, together 
with its outwash, blocked the valley of the Spokane River at its mouth. 
Remnants of this fill, its composition and surface form clearly indicating 
the presence of glacier ice while it was building, now occupy the Spokane- 
Columbia canyon, between Detillion Bridge and the mouth of the Spokane 
River. 

The elevations of their surfaces (1980 feet) agree well with the surface 
of the fill in the mouth of the Little Spokane Valley (2060 feet at the 
highest point). In the intervening 43 miles (measured along the Spokane 
River), only two, rather small remnants within this vertical range have 
been identified. Both are fills of sand in short entrants on the north side 
of the river, respectively 2 miles downstream from Ninemile Falls and 
2 miles downstream from Little Falls. If, as seems probable, they are 
related to the Columbia lobe base level, these two remnants may be 
either the relics of a continuous fill, which has since been thoroughly 
flushed out of the valley, or parts of local deposits built into the valley 
when it was ponded to their level by the Columbia lobe. The courses 
of fluvial foresets in the fill at, and east of, Spokane are equally well 
accounted for, whether a rising fill or a rising lake, incompletely filled 
with outwash deposits, be imagined to have occupied the valley between 
Spokane and the mouth of the river. That a lake was present is evident 
from the facts presented in the next section of this paper. 
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LATER EPISODE 


General statement.—The later episode is recorded by a continuous fill 
throughout the greater part of the Spokane-Columbia Valley, in part cut 
from the earlier fill and in part probably aggraded de novo. This episode 
is recorded in tributary valleys also, each of which is considered separately. 


Spokane Valley east of Spokane—From its source in Coeur d’Alene 
Lake, as far downstream as Spokane Falls, the Spokane River flows upon 
the surface of a thick gravel fill (Pl. 2, fig. 1), which forms the present 
valley floor, 3 to 5 miles wide, and not more than 100 feet lower than the 
remnants of the earlier fill. The relief of the valley floor, the result of 
shallow meander channels, inter-channel swells, and true bars, is less than 
50 feet. The component material, gravel, widely exposed at shallow depths 
and best shown through a depth of 90 feet in the pit of the Hawkeye Fuel 
Company, at Trent, is identical with the coarser phases of the earlier fill. 
It is believed to be part of the same deposit, built during the earlier episode, 
and later regraded to a lower profile, so that only its surface, and not the 
bulk of its constituent gravel, is referable to the later episode. Measure- 
ments on its surface, made at numerous points, integrate into a consistent 
long profile (Pl. 6). This profile, with a slope of about 12 feet per mile, 
converges upstream toward the profile of the earlier fill, which has a slope 
of about 10 feet per mile; the two profiles seem to merge east of the Wash- 
ington-Idaho line. This is considered to mean that the shift from the 
higher to the lower profile occurred as a result of lowered base level, and 
not as a result of changed conditions at the source of the pro-glacial 
stream. A spur of basalt at Spokane, across which the Spokane River is 
superposed to form Spokane Falls, lies very nearly on the lower profile, 
but apparently played no part in controlling it, as the profile continues 
unbroken downstream across the spur. Upstream, the profile continues to 
Pend Oreille Lake, where a strong reverse slope, on knolled and kettled 
gravel, records the wasting-out of a wedge-like ice margin upon which 
the fill was built, and indicates that, at the time of completion of 
the fill, the ice that fed the outwash stream lay in about the latitude of 


Pend Oreille Lake. 


Little Spokane Valley.—The Little Spokane Valley (Fig. 1), upstream 
from the Lidgerwood mass, carries a thick outwash fill contributed by the 
Little Spokane glacier lobe. The material consists chiefly of fragments 
of argillites and other metamorphic rocks, of granites, and of subordinate 
quartz sand and finer particles. The metamorphic rocks have a reddish- 
brown hue, which imparts to exposures a warm tone that is lacking in the 
sombre gray deposits of the Spokane Valley outwash, derived chiefly from 
the rocks of the Belt series. Furthermore, granites are relatively much 
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R43E 
Ficure 1—Mouth of the Little Spokane Valley 


Shaded area = bedrock and high-level glacial deposits antedating the main outwash. White 
area = main outwash. Light stippled areas = sand dunes. Hatched lines = stream-cut scarps. Eleva- 
tions are on surfaces of outwash fill and on stream terraces cut from the fill. The wind rose shows the 
average number of hours per year during which the wind has blown from each of the eight principal 
directions at Spokane, through the period 1918 to 1935, inclusive (data from U. S. Weather Bureau). 
Inset = cross-section (<3) along line AB, showing inferred relation of till to stream-cut terraces. 
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more abundant in the Little Spokane outwash, and the average grain size 
is appreciably less. Finally, the fluvial foresetting characteristic of this 
outwash body is directed south, down the valley, rather than northwest, 
across and up the valley. Discrimination between the two bodies of out- 
wash in the Little Spokane Valley, therefore, is ordinarily not difficult. 

The Little Spokane outwash is far more thoroughly dissected than is the 
outwash east of Spokane, because, when the high base level, to which the 
general outwash fill was graded, ceased to function, the Little Spokane 
River sank its channel deep into its former deposits, whereas the Spokane 
River was prevented from doing so by the basalt spur at Spokane Falls, 
across which it soon became superposed. Because of this dissection, few 
identifiable remnants of the initial outwash surface are preserved. The 
profile, reconstructed from such remnants as are left, slopes southward, 
down the valley, at approximately 7 feet per m ie, and apparently merges 
with the Spokane Valley fill of the later episode, at the mouth of the 
Little Spokane. 

As in the case of the Spokane Valley outwash, the Little Spokane Valley 
train blocked the mouths of tributaries, ponding them and building exten- 
sive lacustrine fills in them. A restricted fill of this character was found 
in the valley of Dragoon Creek, the only considerable western tributary 
to the Little Spokane River. This fill, consisting of laminated fine sand, 
is well exposed in the vicinity of Denison. The eastern tributaries—Dry 
Creek, Deer Creek, Deep Creek, and Deadman Creek—carry more im- 
posing fills. Except for narrow trenches cut by the modern streams, the 
valley mouths are blocked by outwash masses with gentle constructional 
slopes inclined up the tributaries. A deep cut in the Deep Creek blockade 
(SE 4 Sec. 2, T27N, R43E) shows fine gravel and coarse sand in a single 
series of parallel foresets, at least 15 feet in amplitude, dipping east into 
the tributary, and grading eastward into laminated fine sand, silt, and clay, 
recording what might be termed an outwash-marginal lake. The laminated 
fine deposits constitute a fill whose surface is a broad plain, more than 3 
square miles in area and, at one point, 110 feet thick..° In Deadman 
Creek valley, the fine deposits form a plain (Peone Prairie, Fig. 1) more 
than 8 square miles in area and, at one point, 164 feet deep.’ The fill in 
Deer Creek Valley covers about 2 square miles, to unknown depth, and 
the fill in Dry Creek Valley covers 3 square miles, to unknown depth. In 
their general relations, these four fills are identical, and their blockade 
remnants, with associated outwash-marginal lakes, differ from those in 
Spokane Valley only in having less steep constructional slopes and in the 


10 Kirk Bryan: unpublished data. 
Ibid. 


1866 R. F. FLINT—STRATIFIED DRIFT AND DEGLACIATION 


finer average grain size of their constituent outwash. Like those previously 
described, the blockade remnants have stream-cut scarps facing the 
master valley. 

The northern end of the Little Spokane outwash, like the northeastern 
end of the Spokane Valley outwash, is knolled and kettled, record- 
ing a ragged ice margin partly buried in its own stratified drift. These 
features are well displayed at the southern end of Eloika Lake, recording 
the minimum southern limit of continuous glacier ice at the time the out- 
wash was built to its highest profile. 

At several points in the Little Spokane Valley, extensive exposures of 
laminated, lacustrine silt and clay grade vertically up into much coarser 
fluvial outwash sediments, at elevations 100 to 150 feet lower than the 
highest profile reached by the outwash fill. Good exposures of this type 
are found along U.S. Highway 195, at the point where it crosses Deadman 
Creek, and again at Chattaroy, but none has been observed north of the 
latitude of Chattaroy. These relations indicate quiet, lacustrine con- 
ditions in the valley, antedating and gradually superseded by the Little 
Spokane Valley train. Probably the ponding was the result of the great 
outwash blockade built across the mouth of the valley by the Spokane 
River, and it may have been confluent with the lower Spokane Valley 
through the present “bypass” valley of the Little Spokane River. Unlike 
the outwash-marginal lakes in the small tributary valleys, whose streams 
were not fed by melt-water, this lake was converted into a valley train, 
through aggradation by quantities of outwash emanating from the Little 
Spokane glacier lobe, and built down, rather than up, the valley. 

Conditions immediately preceding the ponding are indicated in a high- 
way cut in the center of the NW 14 Sec. 9, T26N, R43E, where a tabular 
wedge of very tough till, 30 feet long in the N-S section and not more 
than 18 inches thick, rests on a north-sloping surface of the Lidgerwood 
mass, and is itself obliquely truncated by a stream-cut terrace surface 
and thinly veneered with gravel derived, at least in part, from north up 
the Little Spokane Valley (Fig. 1). Postdating the Lidgerwood mass and 
antedating the terracing, the till wedge apparently records the presence 
of an active tongue of ice in this latitude in the Little Spokane Valley, 
at about the time the Lidgerwood fill was completed. The wasting of 
this ice resulted in the lake, in which were deposited the silt and clay 
described in the preceding paragraph. 


Latah Creek Valley—tThe valley of Latah Creek below the 2000-foot 
contour contains an extensive fill of laminated silt and fine sand, extend- 
ing from near the mouth of the creek, at Spokane, southward for more 
than 10 miles (Pl. 5, fig. 1). The upper limit of this fill (2020 feet is the 
elevation of the highest remnant measured) agrees with the surface of the 
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Figure 1. LipGERWOOD OUTWASH MASS 
Cunningham pit, SE 4 Sec. 25, T26N, R42E, showing northwestward-foresetting in fine gravel. 


Figure 2. Exposure at PEACH 
Fine silt with interbedded sand in lower part of fill section. 
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Figure 1. Exposure on Latan CREEK 
22-foot bank of parallel-bedded silt in center S. line, Sec. 8, T24N, R43E. 


Figure 2. Exposure at Litrce Facts 
Sandy phase of outwash fill in south bank of Spokane River. 
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earlier phase of the outwash fill in Spokane Valley (2050 feet at Spokane, 
plus a compaction factor) , but the proportion of sand to silt increases down 
the creek, and coarse sand and fine gravel appear, in lenses and thin 
courses of fluvial foresets inclined up the creek. Easily accessible ex- 
posures of these relations are present at the highway intersection in the 
NW cor. Sec. 6, T24N, R43E, and on the highway crossing the center 
of the N line of Sec. 17 in the same township. Samples of the gravel, taken 
from near the mouth of the creek, contain argillites and quartzites char- 
acteristic of the main outwasbh fill in Spokane Valley. For these reasons, 
the origin of the Latah Creek fill below the 2000-foot contour is probably 
similar to that of the entrant fills farther east, up Spokane Valley: a 
lacustrine deposit, blocked and fed by outwash that was being aggraded at 
the mouth of Latah Creek. Latah Creek is large enough to have brought 
in a considerable increment of detritus from its own drainage basin. A 
microscopic study of the fine deposits, especially from near the southern 
end of the fill, should disclose particles derived from the erosion of the 
local “Palouse soil”, in addition to the fresh rock flour derived from the 
outwash stream. 

Like the Spokane River, Latah Creek is flowing principally on its glacial 
fill, so that its bedrock floor is concealed, and the thickness of the fill is 
unknown. A higher fill of coarser material, back of the rim of Latah 
Creek valley, and in high tributary entrants, at 2300 to 2400 feet, is 
described in a foregoing section as “drift on the plateau.” This fill is of 
earlier date than that of the finer deposits just described, because it re- 
quired, for its deposition, the presence of ice in Spokane Valley, up to an 
elevation higher than the plateau surface, whereas the finer deposits are 
related to the outwash episode, which was not initiated until this part 
of Spokane Valley had been cleared of ice. It might be argued that the 
basal part of the finer fill is related to the earlier plateau deposits, having 
been built in the deep, water-filled pocket of Latah Creek Valley, while 
coarser sediments were being deposited fluvially on the adjacent plateau 
surface. This concept is inconsistent with the courses of fluvial foresets 
in the finer fill exposed near the mouth of the Creek, which indicate a pro- 
gressively rising water surface rather than the falling water surface. re- 
quired by a transition by ice wastage from high-level deposition on the 
plateau to low-level deposition in the valleys. It is inconsistent, also, 
with the uniform grain size of the fine fill from the mouth of Lake Creek 
upstream, which indicates uniform conditions throughout this long seg- 
ment. If built during wastage of the ice from Latah Creek Valley, pro- 
gressive northward migration of the zone of coarser deposits should be 
indicated. It seems probable, therefore, that any fill related to the 
plateau drift was flushed out of Latah Creek Valley by local stream ero- 
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sion, while the ice was wasting out of Spokane Valley and before the 
outwash episode commenced to aggrade that valley and its tributaries. 

The quantity of fill of the plateau-drift episode that may have been 
present formerly in Latah Creek Valiey is not known, because the extent 
to which this valley was filled with ice at that time cannot be determined. 
Surface form is of little aid in this problem, as all of the fill now exposed 
within the valley itself has had its initial form destroyed by the sculpture 
of many stream terraces. 


FILL IN THE SPOKANE-COLUMBIA CANYON 


Long profile—The term Spokane-Columbia canyon is used here to 
designate the basalt-margin Spokane canyon below Spokane, and its 
continuation in the Columbia canyon, below the mouth of the Spokane 
River. 

The fill that forms the broad floor of Spokane Valley above Spokane 
Falls continues westward, along the Spokane River, as narrow remnants 
left by dissection by the deeply incised river, free from the basalt spur that 
retards erosion upstream from Spokane Falls. The vertical positions of 
the remnants, plotted in Plate 6, fall into a fairly consistent profile, which 
declines gently downstream, from nearly 1900 feet near Spokane Falls to 
slightly less than 1700 feet at the Grand Coulee. The only marked de- 
partures from consistency are: (1) A short segment between Ninemile 
Falls and Long Lake Falls, where the profile rises 50 feet at the mouth 
of a short tributary entering from the south. This rise may record the 
influence of a fan, but, as exposures are meager in this segment, the evi- 
dence is not clear. (2) The segment at Detillion Bridge, where the litho- 
logic continuity, as well as the profile, has been influenced by the Columbia 
glacier lobe, and where the relations are locally obscure. 

The western end of the fill, in the vicinity of the Grand Coulee, was 
previously described by the writer ** as the Nespelem silt terrace, graded 
to a rock threshold in the floor of the Grand Coulee. That this threshold, 
conspicuously present at Coulee City, is the base level that controlled the 
later phase of the outwash fill, is shown not only by the vertical relations, 
already cited, but also by the internal character of the fill itself. 


Composition and stratification —The fluvially cross-bedded gravel that 
underlies the broad floor of Spokane Valley, upstream from Spokane 
Falls, continues downstream in numerous exposures, with gradually 
diminishing grain-size. The Union gravel pit, at the south end of the 
Fort Wright Military Reservation, 2 miles west of Spokane Falls, exposes 
a section, 1500 by 1500 by 90 feet, in this deposit. The same courses 


12 Richard Foster Flint: Glacial features of the southern Okanogan region, Geol. Soc. Am., Bull., 
vol. 46 (1935) p. 186. 
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of beds, 4 to 10 feet thick, foreset uniformly down-valley, are present, 
and the lithology is identical, but the grain-size is finer. A comparison 
with the exposure in the Hawkeye Pit, already mentioned, 10 miles up- 
stream, and with an extensive exposure at Ninemile Falls, 8 miles down- 
stream, is instructive: 


Extreme Diameter Rounding 


range, range of of coarse- 
diameter bulk of gravel Elevation of surface 
(inches) fragments sizes of fill (feet) 
Hawkeye Pit..... 1/4to48 1/2to3 Poortofair 2000 
win Fit........ 1/8 to 24 1/8 to 1 Fair 1870 


Ninemile Falls.... Sand to12 1/16 tol Fair 1675 (surface of exposure 
in cut terrace). 


From Ninemile Falls downstream, the grain-size decreases, both hori- 
zontally and vertically downward, with fine gravel fingering out irre- 
gularly into the sand sizes, and with fluvial foreset bedding giving way 
to increasing proportions of rolling and parallel bedding. Exposures in 
the tributary entrants invariably show building from the main stream 
into the tributaries, with accompanying rapid decrease in grain-size. 
The most striking example is the wide entrant of Deep Creek, opening 
on the southwest side of the canyon, 2 miles upstream from Ninemile 
Falls. This entrant is filled with outwash, its upper surface accordant 
with the valley-train profile along the Spokane River, the grain-size 
grading from fine gravel into the medium-sand fractions, up the tribu- 
tary. The bedding is predominantly parallel, indicating quiet-water 
conditions. 

West of Ninemile Falls, sand is more abundant than gravel, and, below 
Long Lake Falls, with the exception of three segments in which coarser 
sediments were contributed by tributary glacier lobes, silt is more abun- 
dant than sand. This condition obtains downstream to the Grand 
Coulee. 


Effect of tributary ice lobes——The first of the exceptions just men- 
tioned lies in the Long Lake Falls-Little Falls segment, through which 
the Colville glacier lobe, by means of the pro-glacial stream now suc- 
ceeded by Chamokane Creek, discharged a great quantity of outwash. 
Extensive sections exposed along the north side of the river (PI. 5, fig. 2), 
show fine sand with lenses of silt grading vertically up into the coarser 
sand fractions containing, near the top of the section, stringers of gravel. 
Parallel and rolling bedding in the lower part of the section give way 
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upward, and northward, to fluvial cut-and-fill stratification, as if outwash 
from the north had been poured into a lake, which was gradually filled 
and converted into a plain of fluvial aggradation. The fill, although 
consisting predominantly of sand, was sufficient to form a blockade across 
the wide mouth of Spring Canyon, entering the Spokane from the south, 
at Little Falls. The blockade, now breached at its downstream margin, 
has the constructional distal slope typical of such forms, and grades up 
the tributary into laminated silt, deposited in the ponded backwater. 
The second exception to uninterrupted gradation from coarse to fine, 
down the Spokane-Columbia canyon, is at the mouth of the Spokane 
River, through the 15-mile segment influenced by the Columbia glacier 
lobe. In this sector, two stratigraphic zones are present (Pl. 6). The 
lower zone (Pl. 4, fig. 2), extending from below the river profile to a 
maximum of 125 feet above it, consists predominantly of laminated silt 
with interbedded zones of till, non-stratified glaciated stones and boul- 
ders, silt crumpled as by ice-thrust, and isolated erratics. These features 
are well exposed along the south bank of the Spokane, through several 
miles, both up- and down-stream from Detillion Bridge. They constitute 
a clear record of a deep lake whose silt bed was repeatedly overridden by 
the margin of an active ice lobe. The upper zone, grading up from the 
lower zone to the top of the section, consists of sand with subordinate 
gravel, much of it fluvially cross-bedded. It is most readily seen in a 
series of road-cuts north of the river, in the SW 4 Sec. 1, T28N, R36E. 
The highest remnants of the fill are south of the river, in the entrant in 
the S % Sec. 13, and along Bucking Mule Creek, in Secs. 28 and 29, 
T28N, R36E. As they lie about 200 feet higher than the profile of the 
later outwash fill, and as they approximate the elevation of the earlier 
fill, it seems likely that they were built in contact with ice during the 
earlier episode, blocking the Spokane-Columbia canyon and ponding 
it upstream to some point between them and the higher-fill remnants at 
Spokane. Overflow of the ponded water past this dam would have ended 
the earlier episode, by lowering the profile to a line controlled by the 
Grand Coulee. A part of the ice responsible for the dam remained buried 
in the accumulating outwash, as is indicated by ice-block depressions in 
stream terraces cut from this fill at elevations as low as 1200 feet. These 
are particularly evident in the SE 14 Sec. 12, T29N, R28E (PI. 7, fig. 2). 
If the foregoing interpretation is correct, the lower part of the fill de- 
scribed in connection with the later episode was deposited during the 
earlier episode. In most places, sedimentation continued unbroken, as 
the lowering of base level that introduced the later episode was not great 
enough to expose the accumulating lacustrine deposits. Thus, in con- 
nection with the later episode, only the surface of the fill and the upper 
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parts of the lacustrine phase of the deposits are strictly referable to this 
episode. Upstream from Spokane, few, if any, of the depogits are 
referable to the later episode, as the upper surface of the fill here is ero- 
sional rather than constructional. 

It is further possible that oscillations of the Columbia glacier lobe may 
have blocked the Spokane-Columbia canyon more than once. If so, the 
destruction of the latest dam is the only one clearly recorded in the section. 

The Spokane-Columbia canyon, near the junction of the two rivers, has 
many terraces (PI. 8, fig. 1), cut from the sandy fill at elevations higher 
than the profile of the later fill. Probably, these were cut as the profile 
was lowered between the first and the second episodes. 

The third interruption to the general uniformity of conditions is at the 
mouth of Sanpoil River, in a narrow sector affected by the small Sanpoil 
glacier lobe. No till has been seen in the Spokane-Columbia canyon, al- 
though it is prominently interbedded with the silt a few miles north, up 
the Sanpoil Valley. Sections of the fill on the south side of the canyon, 
however, show sand, some of it coarse, rather than silt, up to about 1550 
feet. Above this elevation, laminated silt constitutes the fill. It is not 
certain that the Sanpoil glacier lobe actually reached the south wall of the 
canyon, but the influence of its outwash is unmistakable in the fill section 
(Pl. 6). 

From the mouth of the Sanpoil to the Grand Coulee district, a segment 
never occupied by ice, sections of the fill show laminated silt with some 
layers of fine sand and fat clay. The stratification locally resembles crude 
varving. At the Grand Coulee dam, this fine-grained fill extends 200 feet 
below the river surface, and rests on bedrock.** From this, it is calculated 
that the fill extends through a vertical range of 890 feet at this point. As 
described in an earlier publication,™* the silt extends into the Grand 
Coulee and is found also in the Columbia canyon, downstream from the 
Coulee intake, where it shows interbedded coarse sediments; it comes to 
an end in the zone in which the great Okanogan glacier lobe blocked the 
canyon throughout the duration of the later episode of outwash fill. 

Thus, the Okanogan, the Sanpoil, the Columbia, and the Colville 
glacier lobes influenced the fill in the Spokane-Columbia canyon, in part 
through direct deposits of till, but chiefly through copious contributions of 
outwash sand and gravel. Similar influences by the Little Spokane lobe 
are not readily apparent because both mouths of the Little Spokane Valley 
were blocked by the Lidgerwood mass, and the resulting lacustrine con- 
ditions up the Little Spokane provided a settling basin for the Little 
Spokane outwash. When the Little Spokane once more discharged into 


13 Unpublished data from Columbia Basin Survey Commission. 
14 Richard Foster Flint: op. cit., p. 186. 
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the Spokane River, during the later episode, its contribution of debris 
was masked by the far greater volume of outwash coming down Spokane 
Valley. The two lithologies are sufficiently similar to make separation 
difficult when the two are mixed. Detailed lithologic studies should, how- 
ever, succeed in the recognition of a minor proportion of Little Spokane 
outwash in the fill of the later episode, below the mouth of the Little 
Spokane. 
DISSECTION OF THE OUTWASH FILL 


It has been stated that downstream from Spokane Falls, the fill is exten- 
sively dissected. The result is a great number of non-paired stream-cut 
terraces (PI. 8, fig. 2.) These are commonly concave in plan, as a result 
of undercutting by the Spokane-Columbia river, and record a shift from 
the braiding habit of the aggrading outwash stream to the swinging habit 
of a vigorous stream confined to a single channel. Also, the terraces, 
whether cut from silt, sand, or gravel phases of the fill, are usually 
veneered with coarse rounded stream gravel, forming layers up to 15 feet 
or more in thickness. The gravel is conspicuous by contrast wherever the 
underlying fill consists of laminated silt. Coarse veneers are usually 
absent, however, in valleys such as that of Latah Creek, which were not 
fed by melt-water during dissection, in contrast to the melt-water-fed 
streams originating in the north. Stream-cut terraces, at elevations 
slightly below, as well as far below, the profile of the outwash fill, indi- 
cate that the dissection was gradual rather than sudden. As dissection 
clearly resulted from the reduction of the dam made by the Okanogan 
glacier lobe and its related deposits across the Columbia canyon, the dam, 
which was many miles in breadth, would seem to have been reduced by 
slow degrees. 

The dissection of the fill met with checks at points where the down- 
cutting stream was superposed from the fill upon bedrock spurs. These 
points, shown in the profile (Pl. 6), are at Post Falls, Idaho, and, in 
Washington, at Spokane Falls, Ninemile Falls, Long Lake Falls, and 
Little Falls on the Spokane River, and at the numerous rapids on the 
Columbia River, notable among them being China Camp Rapids, near 
Peach, Hellgate Rapids, upstream from the mouth of the Sanpoil, and 
Long Rapids, 12 miles due east of the mouth of the Okanogan. Farther 
down the Columbia, other superposed channels in bedrock, now aban- 
doned, have been noted by the writer.'® 

In a published discussion, the writer identified a prominent inter- 
mediate terrace, earlier recognized by Pardee,’* in the Grand Coulee- 


15 Op. cit., p. 183. 
16 J. T. Pardee: Geology and mineral resources of the Colville Indian Reservation, Washington, 
U. S. Geol. Surv., Bull. 677 (1918) p. 15. 
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Ficure 1. DUNES ON STREAM-CUT TERRACE 
View southeast, a mile west of Mead, across terrace surface to row of dunes crowning scarp of next 
higher terrace. 


Figure 2. Terraces at DeTILLION BripGE 
View southeast across, and up, Spokane Canyon, showing fill terrace (in entrant high on right), broad 
stream-cut terrace, and narrow lower terraces with knolled and pitted surfaces. 
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Figure 1. TERRACED OUTWASH IN COLUMBIA CANYON 
View east between Lincoln and Peach. Local fans veneer the terrace surfaces. 


Ficgure 2. OuTWASH TERRACES IN SANPOIL VALLEY 
View north from mouth of Sanpoil, to Keller. Highest terrace is the outwash-fill surface; others are 
stream terraces cut from fill. 
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Nespelem segment of the canyon, as possibly related to a thick fill in 
the Columbia canyon in the vicinity of the mouth of the Okanogan.’? As 
pointed out, the evidence is scanty and the correlation uncertain, and, 
in any case, no evidence of a prominent intermediate terrace has been 
found upstream from the mouth of the Sanpoil. If the correlation should 
prove valid, the terrace profile furnishes evidence of a temporary base 
level, intermediate in elevation between the Grand Coulee base level and 
the one to which the drainage is at present graded. 


OUTWASH FILL IN OTHER TRIBUTARY VALLEYS 


Sanpoil Valley —tThe lower Sanpoil Valley carries a dissected fill (Pl. 8, 
fig. 2), which is continuous as far north as Cache Creek, about 20 miles 
upstream from the mouth of the Sanpoil. Flush with the Nespelem silt 
terrace (1650-1700 feet) at the junction with the Columbia canyon, the 
surface of the fill rises steadily to nearly 2000 feet at Cache Creek, thus 
having an average slope of about 15 feet per mile, in part original and 
in part the result of post-glacial crustal warping. Farther upstream, the 
surface of the fill is indistinct or absent, probably indicating that the 
Sanpoil glacier lobe filled the valley north of Cache Creek, during the 
deposition of the fill, as outwash from its own wasting. This is confirmed 
by the composition of the fill, which, consisting predominantly of lami- 
nated silt with clay near the mouth of the Sanpoil, grades north upstream 
through sand into gravel. Also, sections along the Sanpoil show a similar 
gradation vertically up, the stratification concomitantly changing from 
lacustrine to fluvial, recording a wedge-like overlap of coarse sediment 
southward upon lacustrine fine deposits, as the lake gradually filled up 
with outwash brought in by streams from north up the Sanpoil. 

At six points, well distributed through this lower segment of the Sanpoil 
Valley, the most southerly point being less than 6 miles upstream from, 
the Columbia, excellent exposures in the lower silt and clay phase of the 
fill reveal thick layers of till interbedded with the laminated silt, accom- 
panied by crumpling and contortion of the silt layers, lenses of rubbly 
gravel, and imbedded large erratic boulders. All the exposures are fresh 
cuts along State Highway 4, as follows: (1) 0.6 mile south of Keller. (2) 
0.3 mile south of Keller. (3) 1.2 miles north of Silver Creek. (4) South 
end of bridge over Sanpoil River, 3.5 miles north of Keller. (5) 0.2 mile 
north of Jack Creek. (6) 0.5 mile north of Brush Creek. These indicate 
the somewhat oscillating retreat of the Sanpoil glacier lobe, whose mar- 
gin ended in the deep lake in which the silt and clay were accumulating. 
The ice at the margin of the lobe seems to have remained nearly stationary 
in the vicinity of Cache Creek during the completion of the fill with coarse 


17 Richard Foster Flint: op. cit., p. 187-188. 
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outwash deposits, and to have wasted, north of that point, in such a 
manner as to leave dead remnants, now recorded by knolled and kettled 
gravel deposits, at elevations lower than the fill surface farther down- 
stream. 

The fill has been cut into many stream terraces with concave plan, 
channeled surfaces, and veneers of partly rounded coarse gravel. All 
are non-paired, with the possible exception of one near the mouth of the 
valley, the broad surface of which approximates 1400 feet, and which may 
correlate with the intermediate stream terrace in the Columbia canyon, 
previously described. Unlike the cut terrace east of Spokane, these 
stream terraces do not merge, up the Sanpoil, with the uppermost, or 
fill, surface. On the contrary, they appear to continue through to the 
upstream end of the fill at, and north of, Cache Creek, their surface 
veneers increasing in coarseness so as to include large boulders near their 
northern ends. They are, thus, true outwash terraces, cut from the fill by 
streams fed by Sanpoil ice, on a gradient steepened by the lowering of 
base level down the Columbia. 

The stratified drift north of the latitude of Cache Creek consists of 
patchy terraces of gravel and sand along the valley margins, most of them 
at elevations lower than the outwash fill farther south, as well as knolled 
and pitted deposits along the valley floor, recording deposition in the 
presence of residual ice. For 6 miles upstream from Cache Creek, the 
valley is floored with laminated gray silt and clay at an elevation of 
1600 to 1640 feet. An exposure at Cache Creek shows the silt wedging 
out upon the north slope of a gravel fan built by Cache Creek into the 
Sanpoil Valley. The silt probably represents a temporary lake, dammed 
by this fan at a late time in the deglaciation. 


Columbia Valley—The relations in the Columbia Valley above the 
mouth of the Spokane resemble those in the Sanpoil Valley, but are more 
complicated, owing to the fact that remnants of the fill surface are scanty 
and, therefore, less readily traceable, and, also, to the widespread evidence 
of the presence of ice, probably in buried masses, not only throughout 
Nespelem silt time but throughout the greater part of the later episode 
during which the stream terraces were cut. 

The fill, with sand predominating over silt, extending upstream from 
the mouth of the Spokane, is free of evidence of buried ice only through 
6 miles, for in Secs. 22 and 27, T29N, R35E, a low, stream terrace at only 
1125 feet, cut from the fill, carries a kettle complex. From this point 
north, exposures of the fill, although consisting chiefly of laminated silt, 
include zones of till, boulders, and collapsed, crumpled, and disturbed 
silt. One composite section at the mouth of Ninemile Creek shows two 
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zones of till and disturbance, separated by a 200-foot succession of lam- 
inated silt and sand with rolling bedding, indicating a considerable lapse 
of time between two re-advances of an active ice margin. The initial 
surface of the fill, extensively destroyed by later stream erosion, is best 
preserved in tributary entrants, notably in that of Ninemile Creek, where 
it is present over several square miles, sloping faintly back up the entrant 
and, concomitantly, decreasing in average grain-size. Aside from its 
finer grain and gentler slope, it is identical with the outwash biockades 
in the Spokane anc the Little Spokane valleys. 

Owing to the poor preservation of fill surfaces and to the persistent 
evidence of contemporaneous ice, it does not seem possible to determine 
how much of the fill should be correlated, in time, with the Nespelem 
silt, and how much should be assigned to a later time. Laminated silt is 
present along the Columbia at least as far north as Trail, British Colum- 
bia, and has been intensively examined by the writer as far as Northport, 
Washington. North of the vicinity of Inchelium, it not only records 
contemporaneous ice, but fails, by 200 to 300 feet, to reach the upper limit 
[about 1800 feet] of the fill at the mouth of the Spokane, and this dis- 
crepancy is increased by the full amount of any allowance made for 
crustal warping caused by glacial unloading of the crust. Aside from 
analogy with the Sanpoil and the Okanogan valleys, in which the respec- 
tive glacier lobes seem to have persisted in the vicinity of the Columbia 
canyon throughout the deposition of the Nespelem silt, this relationship 
suggests the presence of a later, and lower, lake or lakes. One can 
scarcely escape the inference that such water-bodies must have developed 
as the Columbia glacier lobe wasted out of the Columbia Valley, while 
the Columbia canyon, through a long distance downstream from the mouth 
of the Spokane, was yet choked with a thick silt fill, which had to be 
deeply trenched before the upper Columbia could be restored to a condi- 
tion of free drainage. Therefore, the bulk of the fill along the Columbia 
is here attributed to a time later than the main outwash fill. Although 
it is probable that the main fill extends upstream past the mouth of Nine- 
mile Creek, and may have extended very far up the valley, it is mapped 
as ending short of this creek, at the kettle complex, already mentioned. 
This is done arbitrarily, because ice is known to have been present at 
least this far south, throughout the entire episode of fill accumulation, and 
because the fill cannot certainly be identified as a unit north of this poiiit. 

The fill, of whatever dates of origin, has been dissected into non-paired 
stream terraces, which constitute conspicuous features of the valley. The 
Columbia is still flowing on the trenched fill except at Kettle Falls and 
several conspicuous rapids, where, like the Spokane, it has been superposed 
from the fill across bedrock spurs. 
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Area with stippled margin = bedrock and high-level glacial deposits antedating the 
main outwash. Dominant composition of marginal remnants of main outwash shown by 
gravel, sand, and silt symbols. Kettled and collapsed outwash is indicated by wavy 
lines. Overlying silt is shown by silt symbol within dashed boundary. Long arrows 
show slope of outwash surface where not collapsed. White area = stream terraces cut 
from the outwash. Hachured lines = stream-cut scarps; short arrows = slipoff slopes. 
Figures are elevations on outwash surface and stream terraces. 
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Colville Valley —The term Colville Valley, as used here, includes not 
only the valley of the north-flowing Colville River, but its continuation 
south for 15 miles, to its junction with the Spokane, through a segment 
drained southward by Chamokane Creek. The valley carries a thick 
fill from end to end. The divide between Colville River and Chamokane 
Creek is probably in the fill itself, unrelated to the buried bedrock floor 
of the valley. 

The Chamokane Creek fill originates at the town of Springdale, at an 
elevation of 2050 to 2100 feet, showing rubbly coarse gravel in surface 
exposures. Varying in width from 2 to 5 miles, its surface descends to 
1860 feet at the Spokane River, where it merges with the main outwash 
fill, as already noted. Its surface slope averages 26 feet per mile, which 
records the final gradient of the outwash stream minus allowance for 
post-outwash crustal warping caused by glacial unloading. Surface 
exposures show a fairly uniform gradation downstream, from coarse 
gravel to sand with fine-gravel lenses. Exposures in the deep post-glacial 
trench cut by Chamokane Creek near its mouth, several hundred feet 
below the surface of the fill, show fine sand and silt, grading into the fine- 
grained fill in the Spokane canyon. Six entrants, east and west of the 
Colville Valley, carry fine sediments deposited in slack water retained by 
blockades of outwash across their mouths, the blockade surfaces sloping 
gently back up the tributaries. 

The highest point on the surface of the outwash mass is at Springdale 
(Fig. 2). From this point north, through two miles, although the con- 
stituent gravel remains unchanged, the surface descends 200 feet, with 
many constructional undulations, irregular broad shallow closed depres- 
sions, and true kettles in considerable number. In its descent, this surface 
passes beneath the wedgelike southern edge of a fill of laminated buff silt, 
whose surface is itself involved in the irregularities of the underlying 
gravel, but flattens northward to form the smooth surface of a silt fill of 
unknown thickness, locally veneered with muck. 

These features record a position of the wedgelike margin of the Colville 
glacier lobe, partly buried in its own outwash, built up by melt-water and 
graded to the main outwash fill in the Spokane-Columbia canyon. As 
the buried ice margin slowly wasted, the overlying outwash was gently let 
down or collapsed, reversing its original south slope to form a north slope. 
This resulted in ponding the melt-water between the wasting, non-buried 
ice and the outwash dam, and in the deposition of the laminated silt, 
which was deformed as the ice beneath it wasted still further. 

The crest of the outwash mass at Springdale is transected by a stream- 
less trench, 1200 to 1500 feet wide, 85 feet deep at the deepest point, its 
floor inclined southward, and with a meandering ground plan, the arrange- 
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ment of the alternating undercut faces and slipoff slopes indicating that 
the former stream flowed south. The head of the channel opens into the 
silt-covered area at an elevation about 15 feet higher than the highest 
exposure of silt. The southern continuation of the channel loses its 
identity in the maze of stream terraces cut by the post-glacial Chamokane 
Creek, but, if, as is probable, it was graded to the main outwash fill, its 
slope would have been 6 to 7 feet per mile, minus allowance for post- 
glacial warping. This figure sets a maximum limit to possible warping, as 
the channel must have had an initial slope, however slight, to permit flow 
of water through it. 

The channel was the outlet of the lake, cut through the outwash dam. 
No bedrock is exposed in its floor, and the known great thickness elsewhere, 
of the outwash fill in which it is cut, makes it unlikely that bedrock is 
present near the surface. The slight trenching of the outwash dam is, 
therefore, probably not due to a bedrock threshold, but to the high base 
level furnished by the main outwash fill in the Spokane-Columbia canyon, 
offering a slight gradient to the lake overflow. The time during which 
overflow occurred here is not determined, but the capacity of the channel, 
enormously greater than the requirements of the present drainage, should 
have been ample to take care of the overflow from an extensive ice-fed 
lake in the Colville Valley. 

Evidence exists that such a lake was present. Although a detailed 
study of the deglaciation of the Colville Valley has been made, only a 
summary can be given here. Laminated silt and clay are present on both 
sides of the valley, more or less continuously between Springdale and 
Colville, a distance of nearly 40 miles. These lake deposits are inter- 
bedded increasingly northward, with till, boulder beds, and gravel. Their 
upper surface descends irregularly toward the north, suggesting deposition 
at decreasing elevations as the ice freed the valley from south to north. 
In some places, the silt and clay form narrow constructional terraces 
along the valley margins; in others, they fill the valley from side to side, 
with the undulatory surface marked by irregular shallow closed depres- 
sions, that indicate collapse over buried wasting ice. Logs of three deep 
wells in the vicinity of Chewelah show the silt and clay to be only 6 to 
20 feet thick, veneering gravel 130 to 303 feet thick, underlain, in turn, 
by 0 to 60 feet of till. The bedrock floor, encountered by two of these 
wells, slopes south against the present drainage. The lake sediments 
thicken northward, toward the mouth of Colville River, and merge with 
one of the laminated-silt masses in the Columbia Valley at Kettle Falls, 
where it is at least 300 feet thick. 

These features indicate that, as the attenuated Colville glacier lobe 
wasted, it ended in a lake, which extended north along its lateral margins 
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and, in places, over its surface. The lake drained south via Springdale, 
for an unknown time, the drainage ultimately escaping via the Grand 
Coulee. Later, the lake surface dropped one or more times, and the water 
became confluent with a drift-dammed lake in the upper Columbia Valley, 
probably after the abandonment of the Grand Coulee route, as indicated 
in an earlier section. Following the lake episode, the Coiville Valley 
floor was slightly modified by steam-reworking of the surficial lake sedi- 
ments to form a floodplain of variable width, most conspicuous near 
Chewelah and near Colville. 

The modern northward flow of the Colville River is the result of the 
outwash divide at Springdale. If there is a buried bedrock divide in the 
Colville Valley, it is probably between Chewelah and Colville, but it plays 
no part in the present drainage. 


Clark Fork Valley—tThe proximal end of the Little Spokane outwash 
fill, already described, lies in the latitude of the Spokane-Pend Oreille 
county line, along an irregular front of 10 miles. Its termination is 
indefinite, owing to the fact that it originated in wasting ice having a 
ragged, irregular, and deeply indented margin, and resting on a bedrock 
floor with a relief of several hundred feet. Constructional knolls of 
rubbly gravel and boulders lie in great bedrock depressions, 200 feet lower 
than the adjacent outwash, indicating that these depressions were filled 
with ice until after the end of the outwash episode. 

The Little Spokane Valley here splits into two arms, each of which 
carried a wasting tongue of residual ice whose melt-water contributed to 
the outwash. The western arm, drained by West Fork, carries a remark- 
able 15-mile chain of lakes, some occupying rock basins and others rock- 
walled, with drift dams. These are, from south to north, Eloika Lake, 
Fan Lake, Horseshoe Lake, Trout Lake, Sacheen Lake, and Davis Lake 
(Pl. 3, fig. 1). The chain, as a whole, lies in a group of bare, gash-like 
channels incised 300 to 500 feet into a broad depression long antedating 
glaciation, and approximating 2500 feet in elevation. The channels are 
the combined result of pre-glacial stream erosion, direct glacial erosion, 
and possible pro-glacial stream flow during an earlier glaciation. They 
were not sensibly modified by late-glacial melt-water, having been occu- 
pied and protected by residual ice throughout the outwash episode. 

The eastern arm is drained by the Little Spokane River, which occupies 
a deep, gash-like channel, 200 to 500 feet wide in bare rock, incised as 
much as 500 feet below a dissected upland surface. This channel contains 
two long narrow rock basins (occupied by the Chain Lakes), and has one 
eastern tributary channel, which hangs more than 300 feet above it, and 
which has a dry falls, 140 feet high, with a plunge-basin lake (Thompson 
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Lake) at its foot. This tributary heads in a mass of high-level outwash, 
and represents an early episode of melt-water flow. Farther upstream, 
the Little Spokane occupies a mile-long water gap, cut through a high 
transverse ridge composed of resistant metamorphic rocks. The segment 
upstream from the gap is cut into an extensive mass of thick outwash sand 
and gravel, and extends through to the Clark Fork River at Newport, 
above which it hangs, as the Grand Coulee intake hangs above the Colum- 
bia, but with a drop of only 60 feet. The gradient in the segment above 
the water gap is 8 feet per mile; between the water gap and the county 
line, it is 25 feet per mile. 

Like the West Fork channel, this channel probably occupies the site 
of a pre-glacial streamway (or two opposed streamways heading at the 
gap), but has been considerably modified by glaciation, very likely more 
than once. The rock basins in its floor indicate that little modification 
has occurred since the last glacial scour. The facts, that it opens on to 
Clark Fork, but slopes away from that river, and that it is cut into an 
extensive outwash plain, indicate that this channel carried a considerable 
flow southward from the Clark Fork Valley, late in the last deglaciation. 
This flow is further considered in a later section. 

The Clark Fork in this region is a broad shallow stream, draining Pend 
Oreille Lake and flowing north on a gradient of only 0.4 foot per mile. 
It is flanked by extensive remnants of a great mass of outwash sand and 
gravel, 400 feet above the river at Newport, but graded to several suc- 
cessive profiles, closely related in time. The outwash was built south and 
east, burying low divides, from an ice tongue lying to the north of New- 
port. The outwash was built across many tributary valleys, forming 
typical blockades like those in Spokane Valley. Several existing lakes, 
including Diamond Lake, southwest of the river, and Freeman, Schaerer, 
Marshall, Bead, and Mystic lakes, northeast of the river, are retained 
by this outwash. Between the outwash terraces, and at much lower ele- 
vations, is a dissected fill of laminated silt and clay, extending north for 
40 miles, to the vicinity of Metaline Falls, and east into Idaho at least 
as far as Thama, 10 miles east of Newport. Throughout the southern 
part of its outcrop area, this silt is definitely a unit. Farther north, 
although identical in appearance, it may represent a body of similar 
deposits, built during a slightly later phase of the deglaciation. The upper 
limit of the silt in the latitude of Newport is 2100 feet, which is also the 
elevation of the intake floor of the Little Spokane channel, already de- 
scribed. The silt is the fill in a lake dammed by an ice lobe to the north 
and by another to the east, and controlled by an outlet at Newport, via 
the Little Spokane River, to the Spokane River. Large '* recognized 


18Thomas Large: Drainage changes in northeastern Washington and northern Idaho since eztra- 
of Columbia basalts, Pan-Am. Geol., vol. 41 (1924) p. 260. 
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the channel at Newport as a lake outlet, but the broad flats, described 
by him as remnants of the drained lake floor, are, in the opinion of the 
writer, stream-cut parts of the floodplain of the Clark Fork. 

North of the latitude of Usk, the upper limit of the silt rises some- 
what above the elevation of the intake floor of the channel. This may be 
due to post-glacial upwarping, or to downcutting of the outlet channel 
during the existence of the lake, or both. 


CORRELATION OF ICE WASTAGE IN THE SEVERAL VALLEYS 


If the synthesis of the main outwash fill in the Spokane-Columbia 
canyon and its correlation with the Grand Coulee outlet are accepted, the 
fill represents a unit of time, with respect to which the wastage of the 
glacier lobes in the tributary valleys can be measured. It is evident, from 
the till and the coarse outwash interbedded with the laminated silt fill, 
that relatively early in main-outwash time, the Columbia lobe was still 
in the canyon, and the Sanpoil and the Little Spokane lobes were at least 
very near it. On the contemporaneous position of the Colville lobe, no 
reliable evidence has been found. Probably, it lay north of the canyon. 
When the main-outwash episode was brought to an end by the abandon- 
ment of the Grand Coulee outlet in favor of the present drainage route, 
the ice lobes lay farther north, as indicated by the ending of the fills 
and by the appearance in them of ice-contact phenomena. 

These relations are indicated on Plate 1. The latest positions of the 
glacier lobes are plotted from data showing the presence of ice, without 
regard to whether the ice was detached and stagnant or continuous and 
active. Evidence that detached buried ice persisted throughout the epi- 
sode of stream terracing has been cited in a foregoing section. 


THE TERM NESPELEM SILT 


The Nespelem silt (also referred to as the Nespelem formation) of 
Pardee '* cannot be mapped as distinct from the coarser deposits that are 
interbedded with it, and into which it grades up the valleys. It con- 
stitutes a fine facies of the main outwash fill described in the present 
paper. If the name is to continue in use, it should be restricted to conform 
to this fact. If the lithologically similar deposits elsewhere, notably 
along the upper Columbia, which have been mapped as Nespelem silt, 
be included, the term loses all significance, becoming merely a synonym 
for “late-glacial laminated silt and clay.” The last deglaciation was 
accompanied, throughout the northwest as well as in other parts of North 
America, by the ponding of many temporary lakes in which laminated 
fine sediments accumulated. They were built under the influence of local 
controls, and, if they are to be named, they should be given separate 


19 J, T. Pardee: op. cit., p. 28. 
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designations after detailed field study has revealed their true areal and 


chronologic relations. 
CRUSTAL WARPING 


One of the contributions that a detailed areal study of glaciation can 
make to geology is the determination and the measurement of warped 
strandlines, as an indication of the effect of ice-loading upon the crust. 
Such a contribution in eastern Washington would have especial value, 
as the thickness of the former ice is much better known than in most 
other regions of comparable area, owing to the number of highlands that 
projected above the ice surface. For this reason, the writer gave special 
attention to the problem, only to find that the several glacial lakes in 
the region are recorded, not by strandlines, but by fills of fine sediments 
whose upper surfaces fail, by unknown amounts, to coincide with the 
planes of the former lake surfaces. Hence, although there is qualitative 
evidence that differential warping of post-lake date has occurred,?° no 
reliable quantitative measurements have been possible. In any case, it 
is probable that warping of the fill in the east-west Spokane-Columbia 
canyon was much less than warping of the fills in the north-south 
tributaries. 

Pardee * described several east-west tributaries to the Sanpoil and 
the upper Columbia, whose valleys are choked near their mouths by 
extensive outwash fills, and which are now intrenched along the extreme 
southern margins of the fills. He inferred a post-fill differential warping, 
which caused each stream to slip southward. The writer does not regard 
this relationship as evidence of warping, because (1) most of the fill 
surfaces are initial surfaces of deposition, and do not, therefore, record 
lateral shifting of the streams now draining them; and (2) the fills, like 
those described in Spokane Valley, were built from the main streams 
into the tributaries, and have distinct, though in many cases faint, initial 
slopes, which descend obliquely up the tributaries. The examples given 
by Pardee are in entrants off south-flowing tributaries, where the slopes, 
as observed by the writer, are southwest in the western entrants and 
southeast in the eastern entrants. The present tributary channels are, 
therefore, believed to be consequent on the relatively low peripheries of 
these fills. 

EOLIAN DEPOSITS 


Loess and dune sand are found on the stratified drift, although grada- 
tions from one to the other exist. Plateau drift, outwash fill surfaces, 
and stream-terrace surfaces alike carry dust and sand veneers of variable 


® Richard Foster Flint: Glacial features of the southern Okanogan region, Geol. Soc. Am., Bull., 
vol. 46 (1935) p. 189. 
21J. T. Pardee: op. cit., p. 50. 
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thickness, and, in many places, eolian accumulation is still in progress. 
The eolian veneers on a great number of sections of the three types of 
drift were measured, with a view to correlating the relative dates of the 
surfaces by the thicknesses of their eolian caps. The results are incon- 
sistent with the hypothesis that such a relationship exists, indicating, 
rather, that the position of a surface with respect to local topography, 
exposure to the wind, and adequate source of silt or sand play important, 
if not the chief, rdles in the thickness of its cap. 

The caps, exclusive of dunes, range from a few inches to two or three 
feet in thickness, although in sections of coarse gravel whose interstices 
are filled with dust, measurements of thickness are necessarily based only 
on estimates. Where runoff conditions are favorable, the caps have been 
dissected by rills, into mazes of tiny residuals, forming “pimple prairies,” 
one of the finest examples being on a low stream terrace on the north 
bank of the Spokane River, just west of Little Falls bridge. In most 
places, the bulk of the loessial silt was undoubtedly derived from adjacent 
outwash silt deposits, although foreign admixtures, including volcanic 
ash, are present, at least locally. 

Within a few inches of the surface of the fill in Colville Valley, between 
Springdale and Chewelah, there is a layer, a fraction of an inch in thick- 
ness, of white volcanic ash. This has been reported in the literature,”* 
and may be related to a persistent story, current among the local Indians, 
of a great ash fall about 150 years ago.** Similar layers have been noted 
by the writer at many localities in eastern Washington, some of them 
high on mountain flanks, and ash of this character has been reported by 
Russell,?* from Nez Perce County in Idaho. 

Dune sand is found locally on the stratified drift, but is most con- 
spicuous along the floor and eastern slopes of the Little Spokane Valley, 
between Hillyard and Colbert. Here, the dunes reach heights of 50 feet, 
and some are still active, although the majority are fixed by vegetation. 
They are found in narrow rows coincident with the crests of low concave 
meander scarps, which clearly were the obstacles that Jocalized the dunes 
(Pl. 7, fig. 1). Few extend more than 1500 feet to leeward of the scarps, 
indicating little migration since they began to form. As the scarps are 
successively lower toward the northwest, the dunes were probably built 
successively during dissection of the outwash and cutting of the scarps. 
Their total vertical range is about 250 feet. 

The dunes as a group lie between the gravelly Lidgerwood mass derived 


22C, Van Duyne and F. W. Ashton: Soil survey of Stevens County, Washington, U. 8S. Bur. Soils, 
Field Operations 1913 (1915) p. 123. 

23V. F. Ray: The Sanpoil and Nespelem .. ., Univ. Wash., Publ. in Anthrop., vol. 5 (1932) p. 108. 

% 1. C. Russell: Geology and water resources of Nez Perce County, Idaho, U. S. Geol. Surv., W.-S. 
Paper 53 (1901) p. 33-34. 
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from the Spokane Valley, and the gravelly phase of the Little Spokane 
outwash, in an area that was ponded and that received fine sediment 
during the deposition of the main outwash. They lie, also, on the east 
side of the valley, with their lee slopes commonly facing southeast, indi- 
cating derivation from this fine deposit through the agency of northerly 
winds. Southwest and south winds now strongly predominate over 
northerly winds in frequency, although no data are available on relative 
velocities (Fig. 1). Thus, it is possible that the initiation and principal 
accumulation of the dunes took place during deglaciation, under the 
influence of periglacial winds blowing off the waning ice, or, alterna- 
tively, that the dunes owe their origin to “minority” northerly winds, 
compensating for the infrequency of their occurrence, by their favorable 
relation to source of sand and orientation of the opposing scarps. 
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INTRODUCTION 
LOCATION 


The Belknap Mountains are on the southwestern shore of Lake Winne- 
pesaukee, in central New Hampshire. The district of which the geology 
has been mapped is slightly over one hundred square miles in area and 
includes adjacent parts of the Winnepesaukee, Gilmanton, Alton, and 
Wolfeboro topographic sheets. 


IMPORTANCE OF THE AREA AND SCOPE OF THIS PAPER 


The Belknap area is of particular interest to the petrographer and 
structural geologist. The structure is that of a ring-dike complex; and, 
although similar features have been observed and described elsewhere in 
New Hampshire, notably in the Ossipee Mountains,’ the Percy area,? 
and the Franconia quadrangle, many features are better exposed in the 
Belknap area. The lithologic sequence is more readily determined, and 
the exposures are better. The rocks are largely igneous; the most unusual 
are those belonging to the White Mountain (alkaline) magma series,* 
which includes gabbro, diorite, monzodiorite, syenite, quartz syenite, and 
granite. A suite of crush-rocks, including mylonite, flinty crush-rock, 
and pseudotachylite, is also well displayed. The present paper is con- 
cerned only with the bedrock geology. 


PHYSICAL FEATURES AND EXPOSURES 


The Belknap Mountains are the dominant physical feature of the area. 
They are roughly elliptical in shape, with a northwest-southeast axis about 
8 miles long and a northeast-southwest axis about 514 miles long. The 
highest point is Belknap Mountain, with an elevation of 2378 feet; and 
the total relief in the district is 1874 feet. Careful inspection shows curvi- 


1 Louise Kingsley: Cauldron subsidence of the Ossipee Mountains, Am. Jour. Sci., 5th ser., vol. 12 
(1931) p. 134-167. 

2 Randolph Chapman: Percy ring-dike compler, Am. Jour. Sci., 5th ser., vol. 30 (1935) p. 401-431. 

8 Marland Billings and C. R. Williams: Geology of the Franconia quadrangle, New Hampshire, State 
Planning and Development Commission, Concord (1935). 

4 Marland Billings: Paleozoic age of the rocks of central New Hampshire, Science, vol. 79 (1934) 
p. 55-56. 
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linear topographic patterns, which are the surface expression of the 
markedly annular structure of the district. 

Much of the Belknap area is heavily wooded, so that the search for 
outcrops is greatly impeded. Generally, exposures are sufficiently numer- 
ous to permit rather accurate delineation of the rock units, but thick 
masses of glacial till locally conceal the bedrock. Many of the higher 
summits, however, are abandoned pasture lands from which much of the 
soil has been removed; broad, barren ledges are common. 
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PREVIOUS WORK 

The earliest reference to the geology of the Belknap area was made in 
1844, by C. T. Jackson,® who noted the syenites. C. H. Hitchcock,’ in 
his monumental work on the geology of New Hampshire, shows the 
Belknap Mountains as a body of syenite, with two included masses of 


5L. V. Pirsson and H. 8S. Washington: Contributions to the geology of New Hampshire, I. Geology 
of the Belknap Mountains, Am. Jour. Sci., 4th ser., vol. 20 (1905) p. 344-352; II. Petrography of the 
Belknap Mountains, Am. Jour. Sci., 4th ser., vol. 22 (1906) p. 439-457, 493-514. 

*C. T. Jackson: Final report on the geology and mineralogy of the State of New Hampshire (1844). 
Concord. 

7C. H. Hitchcock: Geology of New Hampshire, 3 vols. (1874, 1877, 1878). 
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porphyritic gneiss. The suggestion is made that the syenites originated 
by “extrusion through a synclinal fault.” Since 1906, the chief sources 
of detailed information have been the papers by Pirsson and Washington,*® 
whose descriptions and interpretations differ greatly from the conclusions 
reached by the writer. 

The work of Marland Billings,’ on the petrology of the North Conway 
quadrangle, New Hampshire, is concerned with rocks closely related to 
those found in the Belknap Mountains, and has been an invaluable aid 
during the course of this investigation. The Ossipee Mountains, 10 miles 
northeast of the Belknap Mountains, across Lake Winnepesaukee, have 
recently been studied in detail by Louise Kingsley,’® who has shown them 
to consist of an essentially circular ring-dike of Albany porphyritic nord- 
markite (quartz syenite), with an interior area of subsidence composed 
of Moat volcanics, and a central intrusion of Conway (biotite) granite. 
In lithology and structure, the Ossipee Mountains bear a remarkable 
resemblance to the Belknap Mountains. 

Since the original manuscript of this paper was written in the spring 
of 1933, rocks and structures similar to those in the Belknap area have 
been described from other districts in New Hampshire, notably the Percy 
area by Chapman” and the Franconia quadrangle by Billings and 
Williams.'? Chapman and Williams,’* moreover, have discussed the 
origin of the White Mountain magma series. 


GENERAL LITHOLOGIC FEATURES 


The complex rocks in the Belknap area belong to four major groups: 
(1) Rockingham schists; (2) intrusives of the New Hampshire magma 
series; (3) extrusive and intrusive rocks of the White Mountain magma 
series; and (4) glacial drift. 

The Rockingham schists are intensely deformed katazonal mica schists 
containing such minerals as muscovite, biotite, quartz, sillimanite, and- 
alusite, and garnet. They are believed to be of Devonian or Carbon- 
iferous age. 

The New Hampshire magma series is of late Devonian or Carboniferous 
age and, in this area, consists of two major groups, the Chatham group 
(quartz diorite, granodiorite, and quartz monzonite) and the Meredith 
porphyritic granite. 


8L. V. Pirsson and H. 8S. Washington: op. cit. 

® Marland Billings: Petrology of the North Conway quadrangle in the White Mountains of New 
Hampshire, Am. Acad. Arts and Sci., Pr., vol. 63 (1928) p. 67, 137. 

10 Louise Kingsley: op. cit. 

1 Randolph Chapman: op. cit., p. 401-431. 

12 Marland Billings and C. R. Williams: op. cit. 

13R. W. Chapman and C. R. Williams: Evolution of the White Mountains magma serics, Am. 
Mineral., vol. 20 (1935) p. 502-530. 
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The rocks of the White Mountain magma series are the most unusual 
in the area, not only in their variety and alkaline tendencies, but also in 
the structural relations of the intrusives, many of which are ring-dikes. 
This series is probably of Carboniferous age. Extrusive types are repre- 
sented by the Moat volcanics. Intrusive types are represented by the 
Gilford gabbro, Endicott diorite, Ames monzodiorite, Gilmanton mon- 
zodiorite, Belknap syenite, Sawyer quartz syenite, Lake quartz syenite, 
Albany quartz syenite, Conway granite, and Rowes vent agglomerate. In 
the Pine Mountain-Rocky Mountain area, a group of quartz porphyries 
and granite porphyries has been mapped as a unit. 

The glacial drift, of Pleistocene age, consists of both till and outwash, 
but has not been studied in any detail. 


ROCKINGHAM MICA SCHIST 


On the older geological maps,’ the crystalline schists of the Belknap 
Mountains were divided into two groups, the “Rockingham mica schist” 
and the “Montalban series.” As the present study has revealed no real 
difference between the schists in different parts of the area, they are here 
treated as a single unit, under the name Rockingham mica schist. The 
Montalban was originally defined by Hitchcock as a series that con- 
tained “beds” of granite and gneiss, and it is likely that good exposures 
of these intrusions southwest of Belknap Mountain led him to divide the 
schists into two series. 

The age of these schists is unknown. Billings '® has shown that the 
mica schists of Mt. Moosilauke are of lower Devonian age. The schists 
of the Belknap area do not differ materially from them, but, as yet, no 
one has performed the difficult task of correlation with the Belknap 
Mountains. 

The schists usually vary considerably in composition, and the different 
types are interbedded in strata, a few inches to a few feet thick. Schist- 
osity is generally parallel to the bedding. The rocks are strongly folded, 
and rapid variations in dip and strike are common. The essential minerals 
are quartz, muscovite, biotite, sillimanite, andalusite, garnet, and chlorite; 
the minor accessories are albite-oligoclase, sericite, zircon, spinel, titanite, 
corundum, pyrrhotite, and orthoclase. In general, it is a katazonal as- 
semblage, with the exception of the chlorite and sericite, which are, in 
large part, probably of retrogressive origin. The modes of the various 
types of schists have been assembled in Table 1. 


14C, H. Hitchcock: op. cit. 
L. V. Pirsson and H. S. Washington: op. cit. 
145 Marland Billings and Arthur Cleaves: Brachiopods from mica schist, Mt. Clough, N. H., Am. 
Jour. Sci., 5th ser., vol. 30 (1935) p. 534. 
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Taste 1—Modes of the Rockingham schists 


(1) (2) (3) (4) (5) (6) (7) 


Se 20 55 50 50 48 50 50 
Muscovite........... 50 

25 35* 20 45 37 40 50* 
Sillimanite........... 2 10 5 25 5 
Andalusite........... 3 5 

5 
3 

15 

Gr; Po Le Gr; Fi Gr Fi Gr Le 


* Includes chlorite. 


Textural abbreviations: Gr-granoblastic, po-poikiloblastic, le-lepidoblastic, fi-fibroblastic. 

1 Muscovite-biotite-quartz-andalusite-sillimanite schist. Accessories: magnetite, untwinned plagio- 
clase, sericite. Avery Mountain, north slope. 

2 Quartz-chlorite-biotite-garnet schist. Accessories: magnetite, zircon, albite-oligoclase. Pine Moun- 
tain, south slope. 

8 Biotite-andalusite-quartz-sillimanite schist. Accessories: spinel, zircon, titanite, magnetite, corun- 
dum, pyrrhotite, potash feldspar. Guinea Lake, partly submerged ledge. 

4 Biotite-chlorite-quartz-sillimanite schist. Accessories: magnetite, feldspar, zircon. Durrel Brook, 
elevation 890’. 

5 Biotite-sillimanite-quartz schist. Accessories: feldspar, magnetite, andalusite. Piper Mountain, 
west slope. 

6 Biotite-quartz-sillimanite-garnet-sericite schist. Accessories: magnetite, zircon, chlozite. Piper 
Mountain, west slope, interbedded with £5. 

7 Quartz-chlorite-biotite schist. Accessory: sericite. Cotton Hill. 


The original sediments are inferred to have been a diverse series of 
sandstone, shale, siliceous shale, and feldspathic sandstone. 

A detailed study of the garnet in the schists of this area has apparently 
never been made, so garnet from a schist at an altitude of 1390 feet on 
the west slope of Piper Mountain was isolated for special study. The 
forms are either the trapezohedron (211) alone or in combination with 
the dodecahedron. Most of the dodecahedron forms are only imperfectly 
developed, and the faces are generally small and striated. The color is 
violet to lavender-red, and the material fuses to a black metallic globule, 
at slightly above three in the scale of fusibility. The borax bead test 
indicates the presence of iron, and in sodium carbonate there is a faint 
reaction for manganese. The specific gravity is 4.23. The index of 
refraction for sodium light is 1.815. The chemical composition is given 
in Table 3. 

Calculation of the analysis in terms of the various garnet molecules 
shows that there is a small excess of alumina, ferric oxide, and silica, above 
that required by the garnet; this is probably due to a small amount of 
fine-grained biotite contained in the garnet; without this, the percentages 
of the different garnet molecules are found to be as follows: 
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85.3 
Grossularite............. 1.2 

100.0 


Thus, the garnet of the Rockingham schists is an almandite, with a 
small proportion of spessartite. 


NEW HAMPSHIRE MAGMA SERIES 
GENERAL FEATURES 


The name New Hampshire magma series has been applied ** to a group 
of intrusive igneous rocks that are younger than the Ordovician (?), 
Silurian, and Devonian strata of New Hampshire, but are definitely older 
than the Moat volcanics and the intrusive members of the White Mountain 
magma series. The New Hampshire magma series differs from the White 
Mountain magma series in that muscovite is present in many of the mem- 
bers, and pyroxene and amphibole are absent except in the most basic 
types. Olivine, fayalite, hastingsite, riebeckite, hedenbergite, nepheline, 
and analcime are completely lacking. Some of the members are distinctly 
gneissic; pegmatites are abundant. In the Belknap area, this series is 
represented by the Chatham group,’’ the Meredith porphyritic granite," 
and pegmatites. These groups, although petrographically distinct, are so 
intimately associated in the field that it has not proved feasible to distin- 
guish them on the geological map. 


CHATHAM GROUP 


In the Belknap area, the Chatham group consists of white or gray, 
medium-grained, massive to weakly gneissic rocks, granitic in appearance. 
Petrographic study shows, however, that plagioclase is more common than 
potash feldspar, and the rocks should be classified as quartz diorite, 
granodiorite, and quartz monzonite. Biotite is the only ferromagnesian 
mineral present. The exact relationship existing between the different 
petrographic types is not clear. In some cases, they may be variants of 
the same intrusive, but in one instance, at least, it can be demonstrated 
that one type intrudes another. Near Woodhaven on the Lake Shore 
road, opposite Minge Cove, gray quartz diorite is found as inclusions in 
a light-colored perthite-quartz monzonite. 


16 Marland Billings: Paleozoic age of the rocks of central New Hampshire, Science, n.s., vol. 79 
(1934) p. 55-56. 

17 Marland Billings: Petrology of the North Conway quadrangle in the White Mountains of New 
Hampshire, Am. Acad. Arts and Sci., Pr., vol. 63 (1928) p. 82. 

18 Op. cit., p. 83. 
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Modes of the more common types are given in Table 2. The quartz 
diorite is found in scattered outcrops along the southwest shore of Lake 
Winnepesaukee, east and northeast of the Belknap Range. The micro- 
cline granodiorite exists as a distinct rock mass only on the south shore 
of Rattlesnake Island, where the total area exposed is about half a 


Taste 2—Modes of the Chatham group 


(1) (2) (3) (4) 
Oligoclase-andesine........... 50 
30 
15 
15 10 3 3 


1 Quartz diorite, from Minge Cove; somewhat gneissic; andesine-Ab,, An,,. Accessories: apatite, 
sericite, chlorite, magnetite. Fabric: seriate granitic. 

?Microcline granodiorite, from south shore of Rattlesnake Island. Plagioclase—Ab,, Ang. Ac- 
cessories: zircon, sphene, sillimanite, apatite, muscovite, sericite, chlorite. Fabric: coarse granular. 

3 Perthite-quartz monzonite, from Lake Shore road opposite Minge Cove. Accessories: apatite and 
chlorite. Fabric: seriate granular. 

* Perthite granodiorite. Accessories: zircon, chlorite, magnetite, muscovite-sericite, apatite. Fabric: 
approximately equigranular. 


square mile. The perthite-quartz monzonite is in veins and irregular 
masses intruding the quartz diorite; several good exposures showing this 
relationship are on the Lake Shore road, near Woodhaven. The perthite 
granodiorite has been found, rather commonly, injecting the older schists 
lit-par-lit. Several dike-like masses also are exposed in the low saddle 
between Piper and Whiteface mountains. 

Chemical analysis of the quartz diorite is given in Table 3 (No. 3), 
together with an older analysis (No. 4) by H. 8. Washington,’® of another 
member of the Chatham group (probably the perthite granodiorite). 


MEREDITH PORPHYRITIC GRANITE 


The Meredith porphyritic granite is found (a) as large masses intrusive 
into the older schists, the bodies on Avery Hill and Whiteface Mountain 
being examples of this type; (b) composing parts of the screens (long, 
relatively narrow, arcuate bodies) between the ring-dikes of the White 
Mountain magma series. One extends from West Brook Mountain to 
West Alton, as a great semi-circle 544 miles long, convex toward the 
east. The second extends from Goat Pasture Hill, through Cedar Moun- 


1]. V. Pirsson and H. 8. Washington: Contributions to the geology of New Hampshire, II, 
Petrography of the Belknap Mountains, Am. Jour Sci., 4th ser., vol. 22 (1906) p. 446. 
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tain, and Woodlands as far as Ames, but only that portion of the screen 
southwest of Cedar Mountain is composed of Meredith granite. The 
granite is also found as (c) small disconnected masses in the alkaline 
intrusives north of Gunstock Mountain and on Straightback Mountain. 

The Meredith granite is a coarse, porphyritic granite, with a coarse 
groundmass containing large feldspar phenocrysts which commonly show 
Carlsbad twinning, and which are white, oblong parallelopipedons, rang- 
ing from 1 to 5 centimeters in length, the average size being 2 to 3.5 
centimeters. Microscopic study shows them to be composed of orthoclase 
or microcline, with some perthitic lamellae of oligoclase. The groundmass 
is dark, and is composed essentially of oligoclase, potash feldspar, quartz, 
biotite, and muscovite. Accessory minerals are pyrrhotite, magnetite, 
zircon, and apatite. Some of the matrix is distinctly banded and contains 
andalusite. The banding is attributed to the influence of an older schist, 
which has been largely, in some cases wholly, replaced by the invading 
granite. The large phenocrysts of feldspar contained in the Meredith 
granite are, in general, aligned approximately parallel to each other, but 
there is no regional trend. 


PEGMATITE 


Pegmatites are abundantly associated with the Meredith granite, the 
quartz diorite, and the perthite granodiorite. In general, they are con- 
sistently poor in ferromagnesian minerals, except those associated with 
the perthite granodiorite near the railroad cut, 6 miles north of Farming- 
ton, along the Alton Bay road. 


WHITE MOUNTAIN MAGMA SERIES 
GENERAL FEATURES 


Most of the rocks in the Belknap Mountains are related to those found 
in the White Mountain batholith *° and are part of what has been called 
the White Mountain magma series.” Due to the fact that, in the Belknap 
area, they form one of the most completely differentiated groups of these 
rocks yet found, the various units are described in detail. 

The geological age of the series is not precisely known. Rocks belong- 
ing to this group, intrusive into the New Hampshire magma series and, 
therefore, younger than the lower Devonian, may be observed on the 
southwestern spur of Piper Mountain, at an altitude of 1550 feet. An 
upper age limit, other than Pleistocene, has not yet been determined. 


2% Marland Billings: Petrology of the North Conway quadrangle in the White Mountains of New 
Hampshire, Am. Acad. Arts and Sci., Pr., vol. 63 (1928) p. 36. 

21 Marland Billings: Paleozoic age of the rocks of central New Hampshire, Science, n. s., vol. 79 
(1934) p. 56. 
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The chronology of the White Mountain magma series in the Belknap 
Mountains is as follows (oldest at bottom) : 


Rowes vent-agglomerate 
Conway granite 

Albany quartz syenite 
Lake quartz syenite 
Sawyer quartz syenite 
Belknap syenite 
Gilmanton monzodiorite 
Ames monzodiorite 
Endicott diorite 

Gilford gabbro 

Moat volcanics 


MOAT VOLCANICS 


The extrusive phases of the White Mountain magma series have been 
called the Moat volcanics.2* In the type locality, on Moat Mountain, 
trachyte, comendite, and rhyolitic tuffs and breccias, have an assigned 
minimum thickness of 11,800 feet. In the Ossipee Mountains, Kingsley ** 
found basalt, andesite, and rhyolite, as flows, tuffs, and breccias. In the 
Belknap Mountains, the Moat volcanics are represented by a small, 
hitherto unnoticed area along the northern slopes of West Brook Moun- 
tain and Heater Mountain. It is approximately three quarters of a mile 
long, and one to two hundred yards in width; it is a remnant of a much 
larger body. 

These extrusives are directly north of the shear zone at the northern 
boundary of the Heater ring-dike, and show considerable cataclastic 
metamorphism, which tends to obliterate characteristic extrusive textures. 
The study of the extrusives is further complicated by intrusive lenses of 
syenite porphyry, which have also undergone shearing. The syenite 
porphyries, however, may generally be distinguished from the extrusives 
by the larger size of the feldspar phenocrysts. Where the phenocrysts 
have been ground down by shearing, separation of the two is difficult and 
in places impossible. The syenite porphyry is more abundant on Heater 
Mountain than on West Brook Mountain. 

Close study of the extrusives in the field reveals unmistakable signs of 
stratification, the bedding planes dipping either vertically or steeply to 
the north. Petrographic study shows that trachyte and rhyolitic tuffs 
are the chief types. 


22 Marland Billings: Petrology of the North Conway quadrangle in the White Mountains of New 
Hampshire, Am. Acad. Arts and Sci., Pr., vol. 63 (1928) p. 89. 

23 Louise Kingsley: Cauldron subsidence of the Ossipee Mountains, Am. Jour. Sci., n. s., vol. 12 
(1931) p. 134-167. 
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The trachyte is dense, bluish-black, with euhedral, lath-shaped pheno- 
erysts of oligoclase, 1 to 2 millimeters long, in sub-parallel arrangement. 
The microscope reveals that the groundmass is dominantly potash felds- 
par, either as laths with a trachytic arrangement or as aggregates of 
anhedral grains, 0.01 millimeter in diameter. Chloritized biotite and 
magnetite are common; apatite and sericite are accessories. An approxi- 
mate mode is as follows: orthoclase, 60 per cent; oligoclase, 20 per cent; 
biotite-chlorite, 15 per cent; magnetite, 5 per cent. Locally, the trachyte 
has recrystallized to an aggregate of interlocking grains, 2 millimeters in 
diameter. 


TasLe 3—Chemical analyses of rocks and minerals from the Belknap area 


(2) (3) (4) (5) (6) (7) (8) (9) (10), (22) 
SiOs..... 36.21 35.88 60.68 69.76 43.94 52.95 56.66 60.75 66.14 70.45 42.73 75.65 
TiOs..... 4.17 0.64 0.36 4.13 3.90 1.55 0.63 0.51 0.69 4.30 0.05 
AlsOs.... 21.32 14.96 19.22 18.22 16.17 14.96 19.03 19.68 17.04 14.87 14.50 12.89 
Fe:03. . 3.80 2.33 0.78 0.25 3.96 2.44 2.67 1.54 1.24 1.07 4.03 0.89 
31.20 20.88 4.34 1.59 10.06 7.03 4.88 2.98 2.10 1.54 7.28 1.11 
Mn0.. 5.12 0.18 0.02 0.19 nd. 
Mgo..... 1.41 10.04 2.45 0.40 5.05 3.86 1.86 0.81 0.21 0.35 5.46 0.20 
CaO..... 0.36 0.12 4.14 2.68 9.59 6.76 4.82 2.29 1.62 1.28 8.46 0.48 
NaO.. 0.36 3.56 4.06 2.93 4.95 4.52 4.89 4.88 4.28 3.11 3.71 
re 9.20 3.13 2.06 1.51 1.64 3.62 5.90 5.54 4.16 2.28 5.50 
H+ 0.80 0.91 0.50 1.42 0.55 0.60 0.08 0.41 0.65 3.08 0.15 
H:0— 0.15 0.13 0.09 0.24 0.50 0.36 0.08 
OOs...... 0.09 3.76 
PuOs..... 0.04 0.69 0.76 0.08 0.04 0.93 nd 
BOs, 0.03 0.07 0.18 
ZrOz..... 0.02 
1.58 


Total.... 99.42 100.50 99.94 100.03 99.67 99.91 100.28 99.79 99.77 99.88 100.65 100.71 
S.G...... 4.23 2.63 2.63 


1 Garnet from mica schist, west slope of Piper Mountain, altitude 1390 feet. F. A. Gonyer, analyst. 

2 Biotite from Ames monzodiorite. Separated by Randolph W. Chapman; F. A. Gonyer, analyst. 

2 Chatham group, quartz diorite from Minge Cove. F. A. Gonyer, analyst. 

# Chatham group, perthite granodiorite, west slope of Piper Mountain. H. S. Washington, analyst.% 

5 Gilford gabbro, west foot of Locke’s Hill. H. S. Washington, analyst. 

6 Endicott diorite, Locke’s Hill. H. S. Washington, analyst.” 

7 Gilmanton monzodiorite from Huckleberry Mountain. F. A. Gonyer, analyst. 

8 Belknap syenite, west slopes of Mt. Belknap. H. S. Washington, analyst. 

® Albany porphyritic quartz syenite from near Ox Mountain. F. A. Gonyer, analyst. 

10 Conway granite from the North Conway quadrangle; red phase, Redstone, New Hampshire. 
W. H. Herdsman, analyst.” 

11 Camptonite dike, Mt. Gunstock. H. S. Washington, analyst.” 

12 Aplite dike, upper southwest slope of Mt. Gunstock. H. S. Washington, analyst.** 


2%R. W. Chapman and C. R. Williams: Evolution of the White Mountain magma series, Am. 
Mineral., Vol. 20 (1935) p. 512. 

*%L. V. Pirsson and H. S. Washington: op. cit., p. 446. 

% Op. cit., p. 495. 

27 Op. cit., p. 455. 

%8 Op. cit., p. 450. 

2 Marland Billings: op. cit., p. 123. 

*L. V. Pirsson and H. S. Washington: op. cit., p. 500. 

31 Op. cit., p. 440. 
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The rhyolitic tuff is fine-grained, gray, about 60 per cent oligoclase, 
extensively sericitized and kaolinized. The groundmass is a dense aggre- 
gate of quartz and feldspar. Biotite, although apparently secondary, is 
plentiful. Apatite, magnetite, and leucoxene are accessories. 

The Moat volcanics are older than the Albany quartz syenite, for the 
shearing that preceded the emplacement of the latter, described on a 
later page, has affected the volcanics. On the north slopes of West Brook 
Mountain, the Conway granite is in contact with the Moat rocks, at an 
altitude of 1820 feet; the granite near the contact is of a distinctly finer 
grain than most of the granite and is aplitic in texture. By removing 
some of the thin but tenacious soil, it was possible to observe veins and 
apophyses of the granite, intruding the volcanics at the contact. Thus, 
the extrusive rocks are shown to be older than the two plutonic masses of 
the White Mountains batholith with which it is in contact. The age 
relative to the other plutonic members of the series cannot be determined. 


Taste 4— Norms of ihe Belknap area 


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 


13.02 30.72 0.96 2.40 2.04 11.76 25.80 31.02 
a 2.45 4.28 1.02 1.63 
ee eee 18.35 12.23 8.90 9.45 21.13 35.03 32.80 25.02 13.34 32.80 
Re ene eae 29.87 34.58 22.01 41.92 38.25 41.39 41.39 36.15 20.44 31.44 
20.57 13.34 26.69 13.90 20.85 11.40 8.06 6.39 18.90 1.95 
EPEC 13.38 12.33 2.54 13.90 0.46 
Hypersthene........... 12.30 2.98 8.11 7.53 5.30 2.48 1.56 1.46 
Magnotite.............. 1.16 0.46 5.80 3.48 3.94 2.09 1.86 1.62 5.80 1.39 
1.28 0.76 7.00 7.46 323.06 1.23 1.07 8.231 
5 ess 1.68 1.68 2.02 
1.64 0.71 7.57 0.28 

es eck ose 98.94 100.00 99.89 99.99 99.68 99.81 99.26 99.54 100.41 100. 80 


1 Chatham group, quartz diorite, Minge Cove. II, 4, 3, 4. Tonalose. 

2 Chatham group, perthite granodiorite, west slope of Piper Mountain. I, 4, 2, 4. Lassenose.8? 
3 Gilford gabbro. III, 5, 3, 4. Camptonose.%% 

4 Endicott diorite. II, 5, 2, 4. Akerose.™ 

5 Gilmanton monzodiorite. II, 5, 3, 4. Andose. 

® Belknap syenite. I, 5, 2, 3. Pulaskose.*® 

7 Albany quartz syenite. I, 5, 2, 3. Pulaskose. 

8 Conway granite, North Conway quadrangle, Redstone, N. H. I, 4 (1) 2, 3. Toscanose.® 

® Camptonite dike, Mt. Gumstock. III, 5, 3, 4. Camptonose.’? 

10 Aplite dike, upper southwest slope, Mt. Gunstock. I, 4, 1, 3. Liparose.%* 

2 Op. cit., p. 447. 

33 Op. cit., p. 496. 

% Op. cit., p. 456. 

% Op. cit., p. 451. 

% Marland Billings: op. cit., p. 124. 

7L. V. Pirsson and H. S. Washington: op. cit., p. 501. 
88 Op. cit., p. 441. 
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Taste 5—Modes of the White Mountain magma series, Belknap Mountains area 


Quarts......... t 3 tr 6 8 15 23 40 
Labradorite.... 49 

Andesine....... 72 

Oligoclase...... 50 75 60 61 61 

Microperthite.. . 12 18 20 21 89 86 79 83 71 55 
ee 18 7 2 5 7 

Hornblende. . . . 22 19 10 7 12 2 3 7 6 8 12 3 
Biotite......... 20 8 3 3 10 4 2 3 tr 4 
Magnetite...... 5 

Accessories..... 6 4 7 2 2 2 2 2 2 2 2 2 3 


1Gilford gabbro. Accessories: epidote, chlorite, calcite, sphene, apatite, pyrite, sericite. 

2 Endicott diorite; average type. A little microperthite is included under oligoclase. Accessories: 
apatite, zircon, magnetite, chlorite, sericite. 

2 Endicott diorite; feldspar-injected type. A little microperthite is included under oligoclase. 
Accessories: apatite, zircon, magnetite, chlorite, sericite. 

4 Ames diorite. A ies: magnetite and zircon. 

5 Gilmanton monzodiorite, chief phase. Accessories: zircon, apatite, magnetite, sphene, chlorite, 
kaolin, goethite. 

® Gilmanton monzodiorite, Piper Mountain phase. Accessories same as in #5. 

7 Gilmanton monzodiorite, Goat Pasture Hill phase. Accessories same as in #5. 

8 Belknap syenite. Accessories: magnetite, goethite, apatite, zircon, and sphene. 

® Sawyer quartz syenite. Accessories: sphene, zircon, apatite, magnetite, and kaolin. 

10 Lake quartz syenite. Some soda-orthoclase and oligoclase are included under microperthite. 
Accessories: apatite, sphene, and magnetite. : 

11 Albany quartz syenite. Some grains of soda-orthoclase and oligoclase are included under micro- 
perthite. Accessories: magnetite, zircon, sphene, and kaolin. 

22 Conway granite. Some oligoclase is included under microperthite, and some hornblende under 
biotite. Accessories: magnetite, zircon, apatite, sphene, and goethite. 

1%3Pine Mountain quartz porphyry; average. Accessories: zircon, sphene, magnetite, sericite, and 
kaolin. 


GILFORD GABBRO 
General statement—The small Gilford gabbro mass crops out a 
quarter of a mile east of Gilford station, at the northwestern apex of the 
Belknap complex. The best exposures are to be found on a small bench 
(altitude, 600 feet) that forms the westernmost spur of Locke’s Hill. The 
contacts of the gabbro with the enclosing rock are hidden by the covering 
of soil, and it is, therefore, not possible to outline exactly its boundaries; 
but exposures indicate the shape and size of the intrusive given on the 
geological map. 


Megascopic description——The Gilford gabbro is dark, and of unusual 
texture (Pl. 2). The groundmass is a diabasic intergrowth of feldspar 
and greenish augite, in crystals from 1 to 3 millimeters long. Set in this 
are large, black clot-like hornblende spheroids, commonly more than 
three centimeters in diameter. These spheroids constitute about 25 per 
cent of the rock. Each is a single crystal, but poikilitically encloses 
numerous crystals of feldspar, which are identical in size and shape with 
those in the surrounding diabasic matrix. On weathered surfaces the 
hornblende stands out in relief. 


BULL. GEOL. SOC. AM., VOL. 47 


GILFORD GABBRO 
The lower figure is a polished slab, showing spherical single crystals of hornblende. 
The upper specimen is a weathered surface of the same rock. x '4. 
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DIORITE INCLUSIONS IN GILMANTON MONZODIORITE 
Polished slab. showing inclusions of the Endicott diorite in the Gilmanton monzodiorite. x 14. 
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Microscopic description —The essential] minerals are labradorite, horn- 
blende, and pyroxene, with smaller amounts of biotite, chlorite, epidote, 
magnetite, calcite, sphene, pyrite, sericite, and apatite. 

The brown hornblende forming the spheroids encloses poikilitically 
many grains, among the most common being feldspar, augite, and mag- 
netite; sphene, green hornblende, and epidote are rarer, and generally are 
just outside the hornblende boundary. In places, the included grains are 
so abundant that the hornblende, instead of acting as host, becomes inter- 
stitial; however attenuated, it always retains its monocrystalline orienta- 
tion. The primary character of the hornblende is indicated by its inter- 
growth with poikilitic labradorite, its optical characters, and its lack of 
any alteration residuals. A small amount may, however, have formed 
through the alteration of augite, some patches of brown hornblende in 
this mineral having been observed. The optical properties have been 
determined as follows: 


Biaxial negative. Indices: a = 1.680, 8 = 1.693, y = 1.710. Optic angle (2V) = 
57°. Dispersion, weak. Optical orientation: Y =b, Z,c = 20°. Pleochroism: X = 
light brown, Y = light brown, Z = dark brown, with XSY<Z. 


There is also a green hornblende, secondary after augite; the replace- 
ment takes place as veins and patches of irregular character. Practically 
all the green hornblende shows patches and residuals of earlier augite, and 
most of the augite has been affected by complete or incipient alteration. 
Most of the augite is faintly yellow; some of it is pinkish or colorless. 
The crystals are prismatic in habit, 1 millimeter to 2 millimeters in length, 
and show distinct cleavage. 

Epidote is in relatively large, stubby prisms, about 2 millimeters in 
length, and in nests of smaller grains, most of them concentrated at the 
borders of the hornblende megacrysts. It replaces feldspar, some of it 
completely, and, where the feldspar is euhedral, it forms a crystal pseudo- 
morph. The epidote pseudomorph alters to chlorite, and thus is formed 
a chlorite pseudomorph after feldspar via an intermediate epidote stage. 
Epidote has also been found replacing green hornblende. 

The chemical analysis, norm, and mode are given in Tables 3, 4, and 5, 
respectively. 

ENDICOTT DIORITE 

General description.—A fairly extensive area within the Belknap com- 
plex is occupied by a diorite, which has been veined and shattered by two 
later intrusions. Because the typical exposures are on Endicott Hill, the © 
name Endicott diorite has been applied to this rock. 

The Endicott diorite has been brecciated and intruded by the Conway 
granite and by the Cobble Hill phase of the Belknap syenite; in both 
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these light-colored intrusives the diorite is found as fragments, varying 
from a few inches in length to masses measurable in tens of feet. The 
largest blocks of diorite are found in the Conway granite, along the south- 
western slopes of Endicott Hill, where blocks, several hundred feet in 
length, are separated from each other by only a thin band of granite. 
There is a marked concentration of the diorite blocks within an area of 
the Conway granite and Cobble Hill syenite, which measures approxi- 
mately 3 miles in length and three quarters of a mile in width. Blocks 
of the Endicott diorite are more abundant than the cementing areas of 
granite and syenite. The fragmental, angular nature of the blocks of 
diorite, and the quantitative volume relations between the intruding and 
the included rocks make it certain that the dioritic blocks are not basic 
segregations, but represent an older diorite intrusion, which has been 
broken and brecciated by granite and syenite. This area has, accord- 
ingly, been shown on the map as Endicott diorite breccia and, in all prob- 
ability, roughly outlines, with some enlargement, the old stock of Endicott 
diorite. 

Other areas of the Conway granite also show diorite inclusions, as, for 
example, the small valley between Belknap Mountain and the northern 
slopes of Heater Mountain, in which flows the stream tributary to Poor- 
farm Brook; and two, large isolated blocks on Derby Hill. These are, 
however, relatively unimportant in size. 


Age.—The petrography of the Endicott diorite shows that it is a 
member of the White Mountain magma series, and therefore later than 
the Rockingham and the Montalban schists and the New Hampshire 
magma series. The relative ages of the Gilford gabbro and the Endicott 
diorite could not be deduced from field evidence, for no contacts were 
found. Application of the law of decreasing basicity seems to indicate 
that the diorite is younger than the gabbro. The Conway granite and the 
Cobble Hill syenite intrude and brecciate the diorite and are, therefore, 
younger. 


Megascopic description —The Endicott diorite is holocrystalline, dark- 
colored, and varies from fine to coarse pegmatitic varieties. In the fine- 
grained specimens, the constituents are less than a millimeter in size, and 
the habit of the minerals is not megascopically perceptible. In the most 
abundant type, the minerals are a millimeter in size, and consist of irreg- 
ular laths of feldspar, needle-like prisms of hornblende, and some biotite. 
A few specks of a green augite are visible under a hand-lens. The peg- 
matitic varieties are characterized by thick hornblende prisms, some of 
which reach lengths of over two centimeters. These are randomly and 
abundantly distributed throughout a matrix of medium-grained feldspar. 
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Microscopic description.—The essential constituents of the diorite are 
plagioclase, hornblende, biotite, and augite, but apatite, pyrite, zircon, 
magnetite, sphene, microperthite, chlorite, kaolin, sericite, and goethite 
are present in minor amounts. The plagioclase is zoned oligoclase, an 
average composition being Ab;; Ans, in laths, about a millimeter in 
length. The amphibole is a green hornblende, which is secondary after 
augite, the process of replacement being clearly visible in many grains. 
The optical properties are as follows: 

Biaxial negative. o = 1.660, 8 = 1.675, y = 1.683. Optic angle (2V) = 63°. Dis- 
persion, medium. Optical orientation: Y =b, Z,¢ = 18°. Pleochroic formula: X = 
pale yellow, Y = light green, Z= grass green. Absorption, Z>Y>X. 


The chemical analysis, norm, and mode are given in Tables 3, 4, and 5, 

respectively. 
AMES MONZODIORITE 

Distribution—The Ames monzodiorite occupies a small area northwest 
of Ames station. Good exposures may be observed along the state high- 
way, and along the railroad tracks. Elsewhere, the formation is com- 
pletely covered, so that little of its structure and nothing of its age 
relations can be determined in the field. Its form may be delimited, 
however, by plotting outcrops of the older rocks into which it has been 
intruded. The Conway granite, with inclusions of diorite, abruptly cuts 
off the Ames monzodiorite, indicating that the latter is older. 


Megascopic description—The gray, medium-grained, Ames monzo- 
diorite is composed primarily of feldspar and hornblende, with some 
biotite. Feldspar is found as euhedral to subhedral prisms, and as inter- 
locking anhedrons. In some, a decided moonstone effect may be discerned. 
Hornblende is in small grains, about a millimeter in size, and, locally, in 
larger, lustrous black grains, showing good cleavage, and attaining 
lengths up to three quarters of a millimeter. Quartz is in relatively large 
and irregular grains, some of which are encased in a thin shell of fine- 
grained ferromagnesian material. In grain size and texture, it is similar 
to the Gilmanton formation; but this resemblance is modified by the 
presence of fine-grained clustered ferromagnesian particles, resembling 


inclusions. 


Microscopic description —The essential minerals are plagioclase, micro- 
perthite, hornblende, biotite, and quartz, with accessory amounts of mag- 
netite and zircon. The plagioclase, an intermediate andesine (Absg Ang2), 
is in laths. In some instances, it is surrounded by a shell of microperthite. 
Orthoclase has not been noticed in independent grains, but is found inter- 
grown in fine-grained string and patch perthite with the plagioclase. The 
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hornblende is corroded and embayed, and some of it contains numerous 
inclusions of magnetite. Quartz is in irregular grains not more than a 
few millimeters in size; and is angular in outline, filling interstices between 
grains. Magnetite is in globular and rod-like shapes, with no suggestion 
of crystal outline. Locally, the rods are arranged in parallel, lattice-like 
patterns. Sphene is in anhedral grains, associated with the magnetite. 

A mode is given in Table 5. 


GILMANTON MONZODIORITE 


General distribution—The Gilmanton monzodiorite, named from the 
township of Gilmanton, occupies a broad band along the southwestern 
edge of the Belknap complex, extending from Piper Mountain, on the 
northwest, to Goat Pasture Hill, on the southeast. The mass is roughly 
2 miles long and three quarters of a mile wide. 

On the south and west, the Gilmanton monzodiorite is intrusive into the 
older schists; and good exposures showing this relationship may be seen 
at an altitude of 890 feet on the southeastern slopes of Sweat Mountain, 
due east of the summit of Whiteface Mountain. The contact with the 
Albany quartz syenite trends N 85° W on the south slopes of Huckle- 
berry Mountain; and, wherever the contact was observed, a thin band 
of granite, not more than a few yards in width, was found between the 
Gilmanton and the Albany types. As this granite is approached, the 
Albany quartz syenite appears to grow finer in grain; the Gilmanton 
monzodiorite, on the other hand, maintains the same degree of coarseness 
up to the very contact. This evidence, although not definite, indicates 
that the Gilmanton is the older of the two. The contact with the Belknap 
syenite is not sharp, but the structural position of the two bodies points 
to the Belknap syenite as being the younger. 


Megascopic description.—All the rocks within this body are similar 
in the ratio of feldspar to dark minerals, but the ratio of plagioclase to 
potash feldspar, and the composition of the plagioclase vary. There are 
rather striking differences in texture and in the composition of the ferro- 
magnesian minerals. The most characteristic type varies from equigran- 
ular to subporphyritic, and has a yellow to pinkish hue. Feldspar is the 
main constituent, with from 7 to 15 per cent of hornblende, and minor 
amounts of biotite. The feldspar has two habits: (a) oblong, euhedral 
crystals, elongated in the direction of the “a” axis; and (b) anhedral, 
irregularly interlocking grains. There is a great variation in size, from 
a millimeter to (rarely) more than 3 centimeters. Hornblende is in 
irregular grains and prisms, 1 to 5 millimeters in length. Megascopic 
quartz may, or may not, be present. On Piper Mountain, the rock is 
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darker-colored and medium-grained, with a rather even granular texture, 
averaging 2 millimeters in size; biotite is the chief dark mineral. On Goat 
Pasture Hill, the monzodiorite is light-colored and distinctly subpor- 
phyritic. Oblong phenocrysts of white feldspar, half a centimeter long, 
are set in a matrix of anhedral, finer-grained feldspar. Important quan- 
tities of small augites and hornblendes average about half a millimeter 
in size and contrast noticeably with the white phenocrysts of feldspar, 
especially as many of the ferromagnesians are concentrated along the 
borders of the phenocrysts. 


Microscopic description—The chief constituents are oligoclase and 
microperthite; hornblende, biotite, and augite compose about 16 per cent 
of the rock, but their relative percentages vary greatly. Accessories 
include quartz, zircon, apatite, magnetite, sphene, chlorite, kaolin, and 
goethite. 

The properties of the potash feldspar are difficult to determine, due to 
its general kaolinization. 8 is near 1.526. In view of the lack of the 
combined albite-pericline twinning characteristic of microcline, and the 
close approach to monoclinic symmetry, as shown by the orientation of 
the indicatrix, the feldspar is regarded as orthoclase rather than micro- 
cline. That considerable sodium is in solid solution is shown by the 
extinction angles and, in some instances, exsolved sodic plagioclase. 
The feldspar is, therefore, soda-orthoclase. 

Hornblende is in subhedral prisms and irregular masses, up to 3.5 
millimeters in size. Not commonly the hornblende contains residual 
patches of diopside. Deuteric alteration of the hornblende has given 
rise to grains showing different colors in different parts of the crystal: 
green in one portion, bluish green and yellow in other parts. The horn- 
blende is notably embayed and replaced by feldspar. 

Biotite is found in ragged flakes, 1 millimeter to 3 millimeters in size. 
Its high absorption indicates richness in iron. 

Quartz is in small anhedral grains. The interstitial, crevice-filling 
outline of the grains marks them as the last products of crystallization 
of the magma. 

The chemical analysis, norm, and three modes are given in Tables 3, 
4, and 5, respectively. 

BELKNAP SYENITE 

General description—The Belknap syenite is found in two areas. In 
the type locality, it forms an elliptical body, 14% miles long and half a 
mile wide, on Belknap and Gunstock mountains. A second body extends 
3 miles west-northwest from Cobble Hill and Corner Hill. 
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The contact with the older schists is exposed along the southwestern 
slopes of Gunstock Mountain, at an altitude of 1200 feet. The schists 
have been intruded by the syenite, but the latter maintains its coarse 
nature to the very contact. On the northwest ridge of Gunstock Moun- 
tain, angular blocks of the Belknap syenite have been found as inclusions 
in the Sawyer quartz syenite. The contact between the Belknap syenite 
and the Albany quartz syenite can be studied on the east slopes of Belknap 
Mountain. On the East Morril trail, the contact is at an altitude of 
2180 feet. The contact can be traced southward. Several exposures show 
the two intrusions in direct contact, notably at altitudes of 1990 feet and 
1910 feet. Both of these show the Albany quartz syenite chilled against 
the Belknap syenite, the chill zone being between one and two feet 
in width. In one exposure, a few feet high, the contact was observed to 
dip 33° SW. 

Megascopic description—The typical Belknap syenite is a coarse- 
grained aggregate of feldspar and hornblende, without visible quartz. 
Average grain size is more than 5 millimeters. Feldspar is, generally, in 
oblong euhedral prisms, cemented together by a small amount of anhedral, 
interlocking feldspar. In some places, the feldspar is closely intergrown, 
and the euhedral prismatic development is not found. The hornblende 
is in large irregular grains, several millimeters long, and in small grains. 
Some large prisms of hornblende are surrounded by fine, powdery aggre- 
grates of the same mineral. The fracture of the rock is rough and hackly, 
owing to the large grain size and unoriented cleavage of the feldspars. 

In the Cobble Hill body, the Belknap syenite ranges in texture from 
fine grain, in Poorfarm Brook, to coarse grain, in which the feldspar 
crystals are several centimeters across, a few hundred feet to the north. 


Microscopic description—The chief minerals are microperthite and 
hornblende, with smaller amounts of oligoclase, soda-orthoclase, biotite, 
magnetite, goethite, apatite, zircon, quartz, and sphene. The microper- 
thite crystals have irregular outlines, and many show Carlsbad twinning. 
The hornblende is in prisms, which have been much corroded. Optical 
properties have been determined as follows: 

Biaxial negative. Indices: a = 1.688, 8 = 1.701, y = 1.710. Optic angle (2V) = 
75°. Optical orientation, Y=b, Zac = 20°. Pleochroism: X = yellowish green, 
Y = olive green, Z = dark green, with X<Y<Z. 

The chemical analysis, norm, and mode are given in Tables 3, 4, and 5, 
respectively. 

SAWYER QUARTZ SYENITE 

Distribution—The Sawyer quartz syenite, so named from the farm at 

the west base of Gunstock Mountain, extends north from the mountain 
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for more than 2 miles, maintaining an average width of about half a mile. 
Where it crops out in the series of gullies and brook slopes between Rowes 
Hill 2 and Rowes Hill 3, between 1050 feet and 1150 feet altitude, numer- 
ous xenoliths of schist can be observed; similar xenoliths are also found 
on the western spur of Rowes Hill at nearly the same altitude. At wo 
localities, patches of a shonkinitic type of syenite were found surrounded 
by the quartz syenite. 


Age.—As shown in the discussion of the age of the Belknap syenite, the 
Sawyer quartz syenite is the younger of the two. The age of the Sawyer 
relative to the Conway granite can be determined on Rowes Hill. Cusps 
of the granite, a foot deep, project into the quartz syenite, indicating the 
intrusive nature of the former. Moreover, inclusions of the quartz syenite 
are found in the granite. The Albany quartz syenite and the Sawyer 
quartz syenite are within a few feet of each other on Gunstock Mountain, 
but the exact contact has not been found by the writer. The age rela- 
tions may be inferred, however, from a number of facts. The cross-cutting 
relation of the Albany to the Sawyer is clearly noticeable on the map. 
The total lack of inclusions of the Albany in the quartz syenite would 
be hard to explain if the quartz syenite were the younger, particularly 
as the Sawyer holds numerous inclusions of the older Belknap syenite. 
The Sawyer quartz syenite is regarded, therefore, as younger than the 
Gilmanton and Belknap syenites, and older than the Albany quartz 
syenite and Conway granite. 

Megascopic description.—The Sawyer quartz syenite is a pink, medium- 
grained, equigranular rock. Feldspar is the predominant mineral, but 
there is some hornblende, and megascopically visible quartz is invariable. 
A few flakes of biotite are visible. Hornblende is found in rather well- 
developed prisms, some of which reach a few millimeters in length. 


Microscopic description——The essential minerals are microperthite, 
hornblende, and quartz, with accessory amounts of sphene, zircon, apatite, 
magnetite, and kaolin. Hornblende is of the “common” variety, but 
perhaps slightly darker green than usual. The quartz is in irregular 
grains, a millimeter or less, in size. 

A mode is given in Table 5. 

LAKE QUARTZ SYENITE 

General statement —The Lake quartz syenite is excellently exposed on 
Rattlesnake and Diamond islands, and is also found at Gerrish Point 
and to the north, but exposures are poor. 

Megascopic description.—This is a medium-grained, subporphyritic to 
seriate-textured rock, with the subporphyritic aspect characteristic of 
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most specimens. Feldspar, hornblende, and quartz are the essential min- 
erals. Small grains of hornblende are scattered throughout the rock; 
some are gathered together in irregular aggregates up to half a centimeter 
in diameter. When these aggregates contain a feldspathic nucleus— 
usually a single grain—they show a concentric arrangement of the ferro- 
magnesian particles in spherical shells. The other major constituent, 
feldspar, is found in subhedral prisms, 1 millimeter to 3 millimeters in 
length, and also in smaller, interlocking grains containing the hornblendes. 
The quartz syenite from Diamond Island is somewhat coarser and more 
equigranular in texture. At some outcrops, there are inclusions of fine- 
grained diorite. 


Microscopic description —The chief minerals are microperthite, horn- 
blende, quartz, and biotite, with accessory soda-orthoclase, apatite, sphene, 
and magnetite. Soda-orthoclase is in clear, homogeneous grains, which 
act as kernels for shells of microperthite. The sizes of the grains of feld- 
spar indicate two generations of growth, one forming subhedral grains, 
from 1.5 millimeters to 3 millimeters, the other developing as smaller, 
anhedral, particles, from 0.1 millimeter to 0.25 millimeter. The larger 
feldspars compose about 80 per cent of the total volume of feldspar. The 
green hornblende is of the “common” variety; it is in small grains, asso- 
ciated wth anhedral feldspar and quartz. The quartz, in small, irregular 
grains, was the last magmatic mineral to crystallize. 

A mode is given in Table 5. 


ALBANY PORPHYRITIC QUARTZ SYENITE 


Distribution—The Albany porphyritic quartz syenite is identical with 
the Albany porphyritic nordmarkite of the Ossipee Mountains ** and the 
North Conway quadrangle,*° and is similar to the Mt. Garfield quartz 
syenite of the Franconia quadrangle.*t In the Belknap Mountains, its 
long, arcuate body may be traced from a point a mile east of Gilford 
village, across Gunstock Mountain, Belknap Mountain, Heater Moun- 
tain, Huckleberry Mountain, Straightback Mountain, and Mt. Major, 
and thence to Glidden Cove. As thus traced, the Albany quartz syenite 
is 1014 miles long, and averages about 1800 feet in width, reaching a 
maximum width of 4500 feet in the vicinity of Straightback Mountain. 
In certain areas, it is so intimately mixed with older rocks, that the 
mapping is, of necessity, somewhat diagrammatic. For example, 1000 


® Louise Kingsley: Cauldron subsidence of the Ossipee Mountains, Am. Jour. Sci., 5th ser., vol. 12 
(1931), p. 157. 

# Marland Billings: Petrology of the North Conway Quadrangle in the White Mountains of New 
Hampshire, Am. Acad. Arts and Sci., vol. 63 (1928), p. 105. 

#1 Marland Billings and C. R. Williams: Geology of the Franconia Quadrangle, New Hampshire, 
State Planning and Development Commission, Concord (1935) p. 15. 
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feet north-northeast of the summit of Gunstock Mountain, the Albany 
quartz syenite, as portrayed on the map, narrows dow to a bottle-neck 
scarcely 250 feet wide; actually, this is an area of Belknap syenite and 
Sawyer quartz syenite, thoroughly cut to pieces by dikes of the Albany. 
Three-quarters of a mile northwest of Brookdale, two prongs of the Albany 
are shown as suddenly narrowing into, and ending against, the older in- 
trusives of the New Hampshire magma series. Actually, the older rocks, 
for half a mile to the north-northwest, are intimately injected by the 
Albany. Northwest of Minge Brook, exposures of the Albany quartz 
syenite are not common. The most northwesterly exposure is on the little 
knoll along the shore of the lake, south of Glidden’s Cove. Here, the 
Albany trends N 50° W, directly into the central granite stock and a 
segment, about 50 yards in length, is exposed. Its contact with the base- 
ment rocks is visible. A chilled contact zone, about a foot wide, is devel- 
oped in the Albany. 


Age relations.—The inner contact of the Albany quartz syenite is excel- 
lently exposed between Mt. Major and Heater Mountain, particularly 
on the ridges. Between Mt. Major and West Brook Mountain, the Albany 
is in contact with the Meredith granite; between West Brook Mountain 
and Heater Mountain, with the Moat volcanics. The Albany quartz 
syenite is clearly chilled against the other rocks. The cataclastic struc- 
tures in the older rocks are described on a later page. As already stated, 
the Albany is younger than the Gilmanton monzodiorite, the Belknap sye- 
nite, and the Sawyer quartz syenite. The Albany, although not in con- 
tact with the Lake quartz syenite, is probably somewhat younger, for it 
is more siliceous. A mile southeast of Gilford, the Albany is apparently 
intruded by the Conway, a relationship consistent with that observed 
elsewhere in New Hampshire. 


Megascopic description.—The Albany porphyritic quartz syenite carries 
abundant ovoid, white feldspar phenocrysts, from 3 to 5 millimeters in 
length, set in a gray, medium- to fine-grained groundmass, which consists 
of interlocking anhedral grains of feldspar and quartz, speckled with 
small ferromagnesian minerals, usually under 0.5 millimeter in size, with 
a few hornblende crystals, up to 2 millimeters long. 

Dark, fine-grained basic inclusions are in many of the hand-specimens, 
especially those from the more southerly parts of the ring-dike, in the 
vicinity of Ox and West Brook mountains. Large prisms of lustrous 
black hornblende and crystals of feldspar are contained in these inclu- 
sions, seeming to indicate that these minerals are caused by impregnation. 
Many spheroidal biotitic shells, similar to those in the quartz syenite 
itself, are found. 
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Microscopic description—The essential minerals are microperthite, 
soda-orthoclase, oligoclase, quartz, and hornblende, with smaller amounts 
of biotite, magnetite, zircon, sphene, and kaolin. Most of the phenocrysts 
are subhedral to euhedral ovoidal aggregates of soda-orthoclase and 
oligoclase intergrown as patch and vein perthites, together with areas of 
soda-orthoclase without intergrown plagioclase, randomly distributed 
throughout the crystal. The Federoff orientation of the optical indicatrix 
indicates that the soda-orthoclase contains between 20 and 40 per cent 
of the sodium atom in solid solution replacing potassium. The ground- 
mass feldspar consists of microperthite, soda-orthoclase, and oligoclase 
(Abgo Anz). The hornblende is in small euhedral to subhedral pris- 
matic crystals, 0.1 to 0.5 millimeter in size. Irregular and embayed 
outlines convey the appearance of attack and replacement after a con- 
dition of euhedral development had been attained. 


The optical properties of the hornblende have been determined as follows: Biaxial 
negative. Indices (+ 0.003): a = 1.680, 8 = 1.689, y = 1.698. Optic angle (2V) = 
70°. Dispersion, medium. Optical orientation, Y=b, Z,c=20°. Pleochroic 
formula X = light tan, Y = olive green, Z = dark green, with Z>Y>X. 

The chemical analysis, norm, and mode of the rock are given in Tables 
3, 4, and 5, respectively. 

CONWAY GRANITE 

General distribution—The Conway granite of the Belknap area is in 
three bodies, of which by far the largest is a pear-shaped mass that 
extends from Weeks Hill, in the southeast, to Locke Hill, on the north- 
west, a distance of 6 miles. The southern half of this body is relatively 
free from inclusions. The northern half, on the other hand, is so full 
of inclusions of diorite, that it is shown on the geological map as a diorite- 
granite breccia. In the vicinity of Cobble and Corner hills, moreover, 
the body is interrupted by a large mass of Belknap syenite. A second, 
not well exposed, body, half a mile east of Gilford, is 24% miles long, but, 
only in a few places, is it more than 1200 feet wide. A third body, 4 miles 
long and at no place more than 300 feet wide, can be traced from near 
Mt. Major station to the south slopes of Huckleberry Mountain. 


Age relations—On the north side of West Brook Mountain, at an ele- 
vation of 1800 feet, small dikes of the Conway granite cut the Moat 
voleanics. The granite also cuts the Gilford gabbro and contains inclu- 
sions of it. The Endicott diorite is clearly brecciated by the granite. 
On Rowes Hill, the Conway granite intrudes the Sawyer quartz syenite, 
and, three quarters of a mile east-northeast of the village of Gilford, the 
granite cuts the Albany quartz syenite. Fragments of the Conway, how- 
ever, are found in the Rowe agglomerate. 
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Megascopic description—The Conway granite of this area is charac- 
teristically a medium- to coarse-grained pink rock, low in dark minerals, 
chiefly biotite, but including some hornblende. The average grain size 
is 2 to 3 millimeters. Feldspar is found as oblong parallelopipedons 
elongated parallel to “a” and also as anhedral interlocking grains. Most 
of the quartz is glassy and transparent, but some is smoky. On Rowes 
Hill, the Conway granite is somewhat coarser than elsewhere in the main 
body, with an average grain size of 4 to 5 millimeters. Moreover, as 
shown by the mode, quartz is more abundant. In the two small arcuate 
bodies outside the Albany quartz syenite, the Conway granite is still 
coarser, the feldspars averaging 7 millimeters in length. A miarolitic 
phase has been traced from Weeks Hill to the east slopes of Belknap 
Mountain, along the outer edge of the central stock. In the neighbor- 
hood of Weeks Hill, it is about 1000 feet wide and contains abundant 
miarolitic cavities, or druses, usually from 0.5 to 1 centimeter in diameter, 
although some are only 3 millimeters across. The druses contain no 
minerals other than the ordinary rock constituents. Projecting into the 
cavities are euhedral quartz and microperthite crystals, many of them 
covered with an earthy coating of reddish-brown limonite. Many of the 
druses are surrounded by this mineral stain. Many of the ferromagnesian 
minerals near the druse cavities, particularly the hornblende, are dis- 
colored and, in large part, altered to limonite. 


Microscopic description—The essential minerals are microperthite, 
soda-orthoclase, oligoclase, quartz, biotite, and hornblende, with minor 
amounts of magnetite, zircon, apatite, sphene, and a reddish-brown 
alteration product, probably goethite. The microperthite forms oblong 
subhedral to anhedral grains. The quartz is generally anhedral and 
equant, irregularly distributed among the feldspars. Oligoclase, close 
to Ab;;Anz;3, is found as a core in microperthite, and also in individual 
grains. Biotite, in small flakes and grains, shows an irregular outline due 
to replacement by the feldspars. The hornblende is in small grains, 
approximately 0.5 millimeter in size, and is subhedral to anhedral, de- 
pending on the degree of replacement. The mineral, through alteration, 
gives rise to a reddish-brown, translucent substance of high index and 
birefringence, which is probably goethite. Magnetite, also, is found as 
an alteration product of the hornblende. 


The optical properties of the hornblende have been determined as follows: Biaxial 
negative. Indices: 8 = 1696, y = 1.705. Optic angle (2V) = 72°. Dispersion, 
medium. Optical orientation, Y=b, Z,c=21°. Pleochroic formula: X = light 
yellow, Y = olive green, Z = dark green, and Z>Y>X. 
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The mode of the rock is given in Table 5, and the chemical analysis and 
norm of a similar rock in the North Conway quadrangle are given in 
Tables 3 and 4. 

ROWES VENT AGGLOMERATE 

One of the outstanding features of the geology of the Belknap complex 
is the Rowes Hill diatreme. A volcanic vent of major dimensions, filled 
with unbedded explosion agglomerate, and later in age than the plutonics 
of the White Mountains batholith, it stands as a unique structure in 
New England geology. The vent is over a mile in length, and on Rowes 
Hill, which is probably the site of the main orifice, it is almost half a mile 
in width. The width, however, markedly diminishes to the north, in 
which direction the vent tapers out into a long narrow arm. To the south, 
exposures are poor, and the exact outline is uncertain. 

The best exposures of the vent agglomerate are provided by the broad 
ledges at the summit of hill 1560, 144 miles slightly north of east of 
Gilford village. Rounded to angular fragments, from a few inches to 
a few feet across, are enclosed in a dense, dark gray matrix. By far 
the most abundant rock composing the fragments is the Meredith por- 
phyritic granite; but there are a few fragments of the Sawyer quartz 
syenite, the Belknap syenite, and the Conway granite. The matrix itself 
is largely fragmental and is composed of small grains of feldspar and 
quartz, from 2 to 10 millimeters long, set in a dark dense groundmass. 

Microscopic study shows that the matrix consists of grains of micro- 
perthite, oligoclase, and quartz, set in a groundmass of the same material, 
with additional hornblende and biotite. The feldspar fragments show 
recrystallization to a felt-like aggregate of laths, and, where albite twin- 
ning is developed, some of the grains give evidence of distortion by curva- 
ture of the twin lamellae. Both potash feldspar and plagioclase are 
present. Many of the quartz grains are cracked into a mosaic of smaller 
parts, with no change in crystallographic orientation. The groundmass 
consists of a fine-grained aggregate of green hornblende, either in irregular 
grains or in recrystallized prisms, biotite, chlorite, feldspar, quartz, and 
magnetite, with an average grain size not over a few hundredths of a 
millimeter. Microbrecciation and subsequent recrystallization have been 
intense. 

Microscopic study shows that the few dark, dense nodules in the ag- 
glomerate consist of green hornblende, microperthite and a small amount 
of quartz, all with anhedral outlines. The similarity in composition 
with the groundmass material of the Rowes agglomerate indicates that 
they are probably remnants of an earlier vent-intrusion, which had 
solidified previous to the eruption of the rock in which they are contained. 
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Along the northeastern contact of the vent, there is a black, medium- 
grained porphyritic rock, whose relations to the enclosing rocks could 
not be determined. Under the microscope, it is seen to be a porphyritic 
augite-diorite, of augite, brown and green hornblende, biotite, and a 
rather calcic oligoclase. Most of the augite is colorless; but some is 
pink, or colorless with a distinct pink border. Magnetite, in rods forming 
a reticulated structure resembling Widmanstetten figures, was observed 
in brown hornblende. 

The amount of fragmentary and recrystallized material, occupying at 
least 90 per cent of the total volume, is too great to permit determination 
of the exact character of the volcanic eruptive that formed the vent- 
agglomerate. However, it was probably syenitic or quartz-syenitic in 
composition. The rather small quantity of quartz in the cementing 
matrix, and the abundance of potash feldspar, strongly suggest such a 
composition. 

From the contained fragments the Rowes vent-agglomerate is obviously 
younger than the Meredith granite, the Sawyer quartz syenite, the Belk- 
nap syenite, and the Conway granite, and is, thus, the youngest member 
of the bedrock series, with the possible exception of some of the dikes, 
none of which, however, has been observed to cut the agglomerate. 

A small dike-like mass of agglomerate, apparently not connected with 
the main vent, is exposed in Poorfarm Brook, just north of the West Alton 
road bridge, at an altitude of 830 feet. The exposure in the brook is 
140 feet long and 40 feet across, and the trend is N35°E. It recalls a 
similar, smaller mass described by Kingsley, from the Ossipee Moun- 
tains,*? which contained basalt breccia and quartz-porphyry. The Poor- 
farm Brook outcrop is enclosed in Belknap syenite, which it brecciates, 
a fine-grained selvage of feldspar and hornblende, 6 inches wide, marking 
the contact between agglomerate and syenite. It differs from the agglom- 
erate of the Rowes vent in that the matrix is very black. 

A body of volcanic agglomerate, found along the contact between the 
Meredith granite and the Mt. Major granite ring-dike, on the west side 
of Straightback Mountain, at an altitude of 1800 feet, is believed to be 
contemporaneous with the Rowes vent-agglomerate. 


PINE MOUNTAIN COMPLEX 

One of the results of the remapping of the Belknap Mountains has been 
the discovery that the rocks of the Pine Mountain-Rocky Mountain area, 
previously regarded ** as part of the main intrusion, belong to an inde- 


42 Louise Kingsley: Cauldron subsidence of the Ossipee Mountains, Am. Jour. Sci., 5th ser., vol. 12 
(1931) p. 144. 

#1. V. Pirsson and H. S. Washington: Contributions to the Geology of New Hampshire, I. 
Geology of the Belknap Mountains, Am. Jour. Sci., 4th ser., vol. 20 (1905) p. 344-352. 
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pendent subsidiary stock, called the Pine Mountain complex. It is 
roughly circular in shape, with a diameter of 2 miles. 

This stock is clearly younger than the surrounding Meredith granite 
and older schists, for inclusions of these rocks have been observed in the 
rocks of the Pine Mountain complex. 

The chief rock in the stock is a granite porphyry, the groundmass of 
which is exceedingly dense in many localities. Porphyritic quartz syenite 
and granite have been observed in a few localities. In general, the 
exposures are so poor that it is not possible to work out the structure and 
relationships between the various intrusions. The complex nature of 
the stock is well shown in an outcrop on the interior of the Pine-Rocky 
Mountain Ridge, at an altitude of 1310 feet, 2 miles due west of the point 
where the main highway crosses the railroad at Alton, where six parallel 
contacts between what appear to be as many intrusions of fine-grained 
granite and fine-grained porphyritic syenite are found in a traverse of 
40 feet, perpendicular to the trend of the contacts. These contacts are of 
pencil-point sharpness. 

The granite porphyries are characterized by an abundance (15 to 
25 per cent) of euhedral to subhedral phenocrysts of quartz, 1 to 3 milli- 
meters in diameter. Their habit indicates crystallization in the hexagonal 
enantiomorphic class, and their temperature of formation was, therefore, 
probably above 573° C. The feldspar is variable in size, ranging from 
microscopic grains to phenocrysts as large as 4 millimeters. This varia- 
tion in grain-size is well brought out in some of the hand-specimens, by 
the alternation of bands of dense material with those of medium grain. 
The granite-porphyries have a wide variety of colors, notably black, 
green, pink, and yellow. 

Microscopic study shows that the phenocrysts are chiefly microperthite 
and quartz, both of which show resorption. The groundmass is an 
anhedral granular aggregate of the two minerals, with the microperthite, 
in grains 0.03-0.04 millimeter in length, slightly larger than the quartz 
(0.01 millimeter). A few grains of ragged hornblende, altering to 
biotite, are distributed throughout the groundmass. Accessories include 
zircon, sphene, magnetite, sericite, and kaolin. A mode is given in Table 5. 

Porphyritic quartz syenite from the summit of Rocky Mountain is 
light red medium-grained, with no visible quartz, but with phenocrysts 
of hornblende and microperthite. About 10 per cent is interstitial mate- 
rial, largely fine-grained microperthite and quartz in a panallotrio- 
morphic granular aggregate; about 8 per cent, ragged grains of green 
hornblende, scattered throughout the rock. The hornblende is consid- 
erably altered, different portions of a single grain showing changes from 
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green to yellow or brown; internal decomposition, with formation of 
magnetite, is common. 
DIKE-ROCKS 

General statement—Dike-rocks cutting the major intrusives are not 
uncommon in the Belknap Mountains. Several varieties have been 
described by Pirsson and Washington,‘ among them being aplite from 
the upper southwest slopes of Mt. Belknap, quartz syenite porphyry 
from Mt. Gunstock, quartz-bostonite from Mt. Belknap, camptonite from 
Mt. Gunstock and Piper Mountain, and spessartite from Mt. Belknap. 
The writer observed numerous dikes in other parts of the area, and 
presents descriptions of some of them. For convenience, they are divided 
into leucocratic, or light-colored, dikes and melanocratic, or dark-colored, 
varieties. 


Leucocratic dikes——At an altitude of 900 feet, in Moulton Brook, 
numerous quartz-porphyry dikes are found cutting the Gilmanton monzo- 
diorite. At an altitude of 920 feet, a yellow, spherulitic quartz porphyry 
with about 20 per cent of the quartz phenocrysts set in a dense micro- 
crystalline groundmass, trends north. Although its total width could not 
be determined, it is at least several yards. The quartz phenocrysts are 
blebs, 1 millimeter in diameter. The microscope shows quartz and ortho- 
clase in two generations: as subhedral phenocrysts and as groundmass. 
Numerous spherulites of quartz and orthoclase are observed, about 0.6 
millimeter in diameter. In many instances, a grain of quartz is the 
nucleus; some of the spherulites are outlined by a rim of ferric oxide. The 
rest of the groundmass is a spongy aggregate of the same two minerals, 
many in micrographic intergrowths. 

About 200 yards upstream there are non-spherulitic quartz-porphyry 
dikes. Under the microscope, the same phenocrysts are seen, but the 
groundmass is an aggregate of fine anhedral grains of quartz and what 
is probably sodic orthoclase. Magnetite is a fairly abundant accessory. 

A one-foot granite-porphyry dike on Piper Mountain is composed of 
pink feldspar, hornblende, and quartz. The thin-section shows euhedral 
to subhedral phenocrysts of microperthite, oligoclase, and soda-orthoclase, 
and hornblende in ragged and embayed grains altering to biotite. The 
groundmass is a granular aggregate of quartz, microperthite, and 
oligoclase. 


Melanocratic dikes——An augite-camptonite dike was found in Moulton 
Brook, a short distance from the dikes of quartz-porphyry, at an altitude 
of 900 feet. The hand-specimen is dark and fine-grained, with small 
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phenocrysts of feldspar and ferromagnesian minerals, about 1 millimeter, 
or smaller, in size; under the microscope, the phenocrysts are seen to be 
labradorite, brown hornblende, and some augite. 

An uncommon augite-olivine camptonite dike was found on the south- 
west slope of Pine Mountain. It is 15 centimeters wide and is tripartite 
in character. It consists of two contact zones, each 5 centimeters wide, 
which are fine-grained and contain a few augite phenocrysts; these are 
separated by a central zone, in which augite crystals increase greatly in 
size and number and are accompanied by a few glassy grains of green 
olivine. Under the microscope, the groundmass is seen to consist of 
labradorite laths, and an aggregate of brown and green hornbiende in 
laths and irregular grains. In the border zones, the augite phenocrysts 
comprise about 20 per cent of the total volume; in the central zone, the 
volume increases to 50 per cent. Some of the augite crystals contain 
lenses and lines of magnetite in intricate patterns. 

Spessartite dikes have been found on Ox Mountain, Mt. Major, and 
Frohock Mountain, and are undoubtedly to be found elsewhere. These 
rocks consist of laths and grains of andesine or labradorite, embedded in 
anhedral crystals of green hornblende. Another generation of green 
hornblende is found as subhedral phenocrysts. 

Analyses of dike-rocks of the Belknap Mountains were made by 
Washington,** in connection with the earlier work on the geology of the 
Belknap Mountains, and were of a leucocratic and a melanocratic repre- 
sentative of the Belknap dikes. Chemical analyses and norm are given 
in Tables 3 and 4, respectively. 


NATURE OF THE WHITE MOUNTAIN MAGMA SERIES IN THE 
BELKNAP MOUNTAINS AREA 


The plutonic rocks of the Belknap Mountains area range from gabbro 
to granite. The complete series, arranged as nearly as possible in chrono- 
logical order, is gabbro, diorite, monzodiorite (several varieties), syenite, 
quartz syenite (three varieties), and granite. Each type is a distinct, 
mappable unit, and most contacts are relatively sharp. This means 
that the various magmas did not form at the present surface of the earth, 
but at some depth, and were intruded as separate units. 

The earliest of the intrusives, the gabbro, crystallized with about 40 
per cent of augite and hornblende, in nearly equal amounts, together with 
a small amount of biotite. Nearly this same quantity of ferromagnesian 
minerals is found in the diorite. With the advent of the monzodiorite, 
the ferromagnesian content decreases to 20 per cent. Another sharp 
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decrease marks the beginning of the syenite stage, where the amount of 
ferromagnesians is not more than 10 per cent, and some is less. This pro- 
portion of ferromagnesians is not changed throughout three succeeding 
stages—Sawyer, Lake, and Albany quartz-syenite—which are marked by 
variations in the quartz content. At the end stage, or period of the Con- 
way intrusion, the ferromagnesians were reduced in quantity to 4 per cent. 

Of the ferromagnesian minerals, biotite is present from the earliest 
crystallization stage (gabbro) onward. Augite and hornblende form a 
well-developed reaction pair through almost the entire differentiation 
series. Augite grains, in practically all stages of transformation to horn- 
blende, are in rocks ranging in composition from gabbro to monzodiorite, 
and even in the Albany quartz syenite. Transformation of augite to 
hornblende takes place apparently not by solution of augite and precipi- 
tation of hornblende, but by a process of addition and/or subtraction of 
substance from the augite, and an atomic re-arrangement, which leaves 
the external form unaltered. The augite changes from non-pleochroic 
light green to dark, pleochroic green, and the birefringence is decreased. 
Many of the hornblende transformation zones are spread through augite 
grains in irregular lace-like patterns. The ease with which augite is 
transformed to hornblende has been explained by recent X-ray studies,*® 
which reveal close structural similarities between the two substances. 
The physical transition from augite to hornblende involves merely the 
doubling of the pyroxene unit cell along the “b” axis, with the concomitant 
formation of double silicon-oxygen chains, and little, or no, volume 
change. Probably, in the later stages of differentiation, hornblende forms 
also by direct crystallization from the magma. 

Crystallization of feldspar in the differentiation series begins by form- 
ing approximately half the bulk of the gabbro, as labradorite. The 
amount of feldspar gradually increases up to a point midway between the 
syenite and the quartz-syenite stages, after which it decreases. Decrease 
in feldspar content is compensated by an increasing abundance of quartz. 
The amount of orthoclase closely follows the variation in total feldspar 
content, reaching a marked maximum, and then declining. Albite is 
relatively small in amount in the gabbro, but upon reaching a 38 per 
cent content in the monzodiorite, it maintains this value throughout most 
of the remaining stages, with only a small decline near the end-stage of 
granite. Anorthite makes up 26 per cent of the gabbro and steadily de- 
clines to a value of only 6 per cent in the granite. 

The Conway granite has injected and reacted upon the diorite, and 
its composition, therefore, cannot strictly be taken as an indicator of the 


46 B. E. Warren and D. I. Modell: The structure of anthophyllite, Zeit. f. Krist., Bd. 75 (1930) ss. 
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trend of magmatic differentiation. It is responsible for many of the 
“kinks” in what would otherwise be smoother oxide variation curves. An 
idea as to the magnitude of the effect of reaction with the granite magma 
may be obtained from a comparison of the proportions of albite in the 
plagioclase of several members of the series, taken from the norms, as 
shown by the following tabulation: 


Gabbro Diorite Momnzodiorite Syenite Granite Granite 
%Ab:46 76 64 79 84 85 


The plagioclase of the normal diorite should have, by extrapolation, 
55 per cent of albite in the plagioclase. Reaction with the more sodic 
granite magma, which crystallized with 85 per cent of albite in the 
plagioclase, increased the proportion of albite to its present value of 76 
per cent, which is checked by the petrographic determination of the 
plagioclase as oligoclase. 

Changes in the character of the magma, which was injected in suc- 
ceeding stages in the Belknap Mountains, are essentially the same, up to 
the quartz-syenite period, as those found in the slow and progressive 
crystallization of a melt having the composition of gabbro. No outside 
influence need be considered in order to explain the kinds of rocks present; 
they are the normal result of crystallization with slowly falling temper- 
atures in the magma chamber. These intrusive bodies are a particularly 
good example of an igneous series produced by crystallization-differen- 
tiation. The sequence of intrusion, as far as data have been obtained, 
corresponds precisely to that theoretically demanded. 

Magmatic history after the syenite intrusions is, in many aspects, 
problematical. It was formerly believed that the chief problem of the 
differentiation in the co-magmatic Novanglian intrusions would be to 
account for the production of syenite by one of the many proposed 
hypotheses. The real problem, however, in connection with the Belknap 
Mountains, is to discover in what manner the presence of a large volume 
of free silica in the end-stage rocks may be explained. The problem of 
differentiation is chiefly concerned with the production not of syenite, 
but of granite. 

Bowen has proposed several methods for the development of free quartz 
in magmas of originally gabbroic composition, none of which seems wholly 
satisfactory. Among them are (1) early crystallization and separation of 
olivine, and (2) conversion of polysilicates to orthosilicates near the 
magmatic end-stages. Concerning the first method, it may be noted that 
no olivine-rich intrusives have been found in the area. Indeed, there is 
none that contains even the smallest percentage of this mineral. In view 


14 
| 
3 
ig 
x By 


NATURE OF WHITE MOUNTAIN MAGMA IN BELKNAP MOUNTAINS 1917 


of the apparently complete magmatic record found in the rock series, 
if the separation of olivine had been an important magmatic process, it 
seems strange that it failed to leave any indication of its presence in the 
basic intrusions. 

The second of Bowen’s methods is strongly advocated by him. How- 
ever, the Conway granite is the largest intrusive of the complex, and it 
contains 25 per cent of quartz, by volume. The large intrusion of Albany 
quartz syenite carries between 12 and 15 per cent quartz. To produce that 
percentage of quartz by the breaking down of polysilicate molecules to 
orthosilicate molecules involves the production of a large amount of 
orthosilicate molecules. Biotite, nepheline, and kaliophilite, however, the 
minerals in which these orthosilicate molecules are found, are present in 
only small amount, the latter two probably not at all. The biotite in the 
Conway granite (which carries 25 per cent of quartz) does not exceed 
2 or 3 per cent. These facts offer a serious draw-back to the acceptance 
of the process. 

Holmes *’ has shown that the intrusion of sharply contrasted acid and 
basic rocks, such as gabbro and granite, in the British Tertiary complexes 
may be explained by assuming a palingenesis, or refusion, of siliceous 
crustal rocks. This hypothesis has much to commend it. Holmes points 
out that, as it has been shown that the foci of the British Tertiary centers 
were at a depth of about 3 miles below the present surface, fluids must 
have ascended through 7 kilometers of granitic crustal rock. As judged 
from the exposed rocks in the Belknap Mountains, the ascending magma 
reservoir must have fused, or stoped, its way through rocks carrying a 
considerable proportion of free silica. The palingenetic magma, thereby 
produced, should be lighter than the more basic material below it, and 
should form a silica-rich fraction at the top. The intrusions of the outer 
ring would tap deeper portions of the cupola and, therefore, should be 
more basic than the inner-ring intrusion. The central stock would be 
expected, by that theory, to be the most siliceous intrusion. These con- 
ditions are fulfilled by the distribution of intrusions in the Belknap 
Mountains. 

If such palingenetic action occurred, the magma resulting from fusion 
of the crustal rocks must have been reacted upon, to a considerable extent, 
by the magma of the ascending cupola, for the chemical composition of 
the silica-rich intrusives is not unrelated to the previous intrusions, as 
might have been expected if fusion alone had been operative; actually, 
the chemical composition fits in well with the crystallization-differentia- 


47 Arthur Holmes: The problem of the association of acid and basic rocks in central complezes, 
Geol. Mag., vol. 68 (1931) p. 241-255. 


4 
& H 
i 
4 
3 


1918 DAVID MODELL—RING-DIKE OF BELKNAP MOUNTAINS 


tion series of the quartz-free suite, as shown by the oxide variation 
diagrams. 

These views represent a distinct trend to theories of syntexis as a major 
factor in petrogenesis, long advocated by Daly. 


CATACLASTIC ROCKS IN THE BELKNAP MOUNTAINS 
GENERAL FEATURES 
In the central portion of the Belknap complex, extending for about a 
mile along the summits of Ox and West Brook mountains, there is a 
highly mylonized area in the older rocks north of the Albany quartz 
syenite (Fig. 1). 


Conway Granite 
Moat Volcanics 


x West Brook Mtn. 


Albany Quartz Syenite 


Fiaure 1—Sketch map of West Brook Mountain screen 
Showing location of cataclastic rocks. (A) Pseudotachylite-like rock is found as short dikes 


CATACLASIS OF THE MEREDITH GRANITE 


The cataclastic metamorphism of the Meredith granite is best observed 
along the summit of Ox Mountain, where the northern border of the 
Albany quartz syenite trends east-west. From a point 10 or 15 feet north 
of the Albany quartz syenite the Meredith granite becomes more and 
more intensely crushed as one proceeds southward, until, at many places 
near the contact, it is ground down to a dark, tough ultramylonite. 

Three stages can be recognized in the cataclasis of the Meredith 
granite: (a) pre-mylonite stage, (b) mylonite stage, (c) ultra-mylonite 
stage. As one progresses southward, the pre-mylonite stage is first found 
at a point from 5 to 15 feet north of the contact with the Albany quartz 
syenite. The orthoclase phenocrysts, which are 3 to 5 centimeters in 
length, are deep pink, notably splintered and granulated, and many are 
veined by black strings of dense, crushed rock. The physical character- 
istics of the pre-mylonite are caused by fracturing and crushing, and are 
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made especially noticeable by the porphyritic structure of the non-meta- 
morphosed rock. Notwithstanding the fracturing and crushing, the rock 
is solidly welded together, and is, therefore, a pre-mylonite rather than 
a breccia. Under the microscope, large quartz grains and feldspar pheno- 
erysts are seen to be veined and injected by a fine-grained powder of 
biotite, magnetite, quartz, and feldspar, the average size of which is 
0.025 millimeter. The pink color of the feldspar phenocrysts is probably 
caust * by oxidation of magnetite, which has been injected into them by 
the crushing. 

In most places, the mylonite is nearer the Albany quartz syenite than 
is the pre-mylonite. It is a dark, fine-grained rock, containing a small 
proportion of pink, residual patches of pre-mylonite. The mylonite is 
commonly streaked, and some of the feldspar residuals have been so 
crushed that they resemble a foam-like network, borne up by the dark 
background. The microscope reveals an extremely fine-grained ground- 
mass, average diameter approximately 0.001 millimeter, in which are set 
fragments of fractured quartz, recrystallized biotite, and crushed feld- 
spar shot with fine-grained, triturated material. Magnetite is in bands 
and streaks composed of granules about 0.003 millimeter in diameter. 
In many instances, the quantity of magnetite in a given specimen is 
greater than that in a similar volume of unaltered granite. The ground- 
mass consists of spongy, recrystallized feldspar, 0.05 millimeter in size, 
predominantly orthoclase, and clouded with biotite and magnetite dust. 

The Meredith ultra-mylonite is a dark, bluish-gray, fine-grained rock, 
found at, or near, the contact with the Albany. It is variable in quantity; 
on Mt. Major, it is found only as thin streaks at the very edge of the 
Meredith; on West Brook Mountain, the zone is thicker. With the excep- 
tion of the pseudotachylitic types, described on a later page, this is the 
least abundant of the crush products. Three thin sections of the ultra- 
mylonite were studied; two were collected at a point 8 inches from the 
Albany quartz syenite, and one from the very contact. They show a fine- 
grained, recrystallized aggregate of quartz and feldspar with dark streaks 
consisting of magnetite granules about 0.004 millimeter in size. The grain 
of the groundmass is about 0.01 millimeter. Biotite is in flakes, some of. 
which show a peculiar mode of recrystallization into radial spherulitic 
structures, 0.002 millimeter in diameter. In certain instances, the ortho- 
clase feldspar contains fragments of quartz, which greatly resemble the 
granulated particles of crushed quartz phenocrysts; they were probably 
incorporated in the feldspar by the intense pressure. They yield textures 
resembling the quartz-orthoclase micropegmatitic intergrowths, differing 
only in the fragmental outline shown by the quartz. They have a pseudo- 
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eutectic structure. In some specimens, angular residuals of quartz and 
feldspar are clouded by small particles of biotite and magnetite. Mag- 
netite, sphene, and zircon are not distributed evenly throughout the 
groundmass, but show a distinct tendency to remain associated with each 
other in patches, strings, and irregular masses. The cataclasis in these 
types of Meredith granite produced predominant recrystallization; they 
are, therefore, ultra-mylonites. 


CATACLASIS OF SYENITE AND SYENITE PORPHYRY 


The cataclasis of syenite and syenite porphyry is to be observed at, 
and slightly north of, the summit of West Brook Mountain, where thin 
lenses of syenite and syenite porphyry intrude the Moat voleanics and 
the Meredith granite. The syenites show all stages in the progression from 
pre-mylonite to mylonite, and, in addition, furnish examples of flinty 
crush-rocks. 

The unaltered syenite is pink, rather distinctly porphyritic, and consists 
of oligoclase and orthoclase with about 7 per cent hornblende and a small 
amount of biotite and quartz. The earliest signs of shearing are the 
darkening of the rock and a streaked appearance. One specimen in the 
type collection shows the development toward the mylonite type; the 
feldspar phenocrysts are contained in a black angular network of fine- 
grained crush particles. Further crushing produces somewhat darker 
colors and accentuates the light-colored residuals of the original pheno- 
erysts. These are never, in the syenite, completely obliterated by the 
cataclasis; all specimens of the crushed syenite contain areas of residual 
material, differing in this respect from the typical pseudotachylite exam- 
ples from Ox Mountain. 

In thin section, the syenitic pre-mylonites and mylonites show the usual 
crushing and granulation of the feldspar and quartz, with the presence of 
small recrystallized hornblende and biotite flakes. Some of the biotite 
is altered to a colorless chlorite. The groundmass varies from 0.05 to 
0.005 millimeter in size. The feldspar consists of both orthoclase and 
oligoclase, with the orthoclase comprising about 60 per cent of the total 
feldspar. The phenocrysts of feldspar contain a dust of sphene, biotite, 
and magnetite, which is also distributed throughout the groundmass. In 
many instances, the quantity of magnetite, sphene, biotite, and a zircon- 
like mineral in the mylonites seems in excess of that contained in the 
undisturbed syenite. 

The syenitic flinty crush-rock is characterized by textures resembling 
those produced in anhydrous melts. In the hand-specimen, it is dark, fine- 
grained, bluish-black, and contains residuals of feldspar phenocrysts aver- 
aging 3 to 4 millimeters in size. The feldspar residuals are blotchy and 
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irregular and, in places, contain visible grains of ferromagnesian minerals; 
many of them are drawn out and distorted. 

Microscopic study shows that most of the feldspar phenocrysts have 
recrystallized into laths approximately 0.12 millimeter in size, similar 
to the textures obtained from feldspar in a dry melt; such textures have 
not been observed in the unaltered syenites. This texture is believed to 
signify that the original feldspar phenocrysts of the syenite were actually 
melted and then recrystallized. These recrystallized phenocrysts are 
clouded with particles of ferromagnesian minerals. Some of the pheno- 
crysts have been only partly melted and recrystallized, and those parts 
that have not been recrystallized lack the ferromagnesian minerals. 
Moreover, the boundary between the two areas is sharp. Some of the 
feldspar phenocrysts are clearly embayed by the groundmass, and, as 
such a feature has not been observed in the unaltered syenite, it is 
believed to have occurred during crushing. 

The groundmass is a felt of orthoclase and albite laths, highly charged 
with small shredded biotite flakes and magnetite granules. 

Of the various kinds of cataclastic rocks in the Belknap Mountains, 
this type presents the closest similarity to the British flinty crush-rocks. 
A specimen from the crushed Lewisian gneiss of the Isle of Tiree has been 
examined by the writer. 

PSEUDOTACHYLITE 

A few feet north of the Albany quartz syenite on Ox Mountain, several 
dikes of a dense, black to blackish-green rock intrude the Meredith 
granite. The dikes are about half a foot in width and resemble the lam- 
prophyric dikes that are ordinarily found throughout the Belknap Moun- 
tains. Close examination, however, reveals certain peculiarities. Al- 
though dark and dense, the dikes are peculiarly mottled; they persist for 
no great distance, sometimes being so short as to become only an irregular 
mass. Their appearance suggests that, instead of an ordinary lampro- 
phyre, they might be highly altered crush-rock derived from the cataclasis 
of the Meredith granite, an assumption that laboratory investigation has 
shown to be essentially correct. Thin sections of this rock reveal com- 
position and texture unlike that of a lamprophyre; the texture shows 
marked similarity to that of some of the pseudotachylites illustrated by 
microphotographs in the Shaler Memorial volume on “The Vredefort 
Mountain Land.” *® The Belknap rock is believed to be analogous to the 
pseudotachylites and will, therefore, be referred to by that name. 

Microscopically, the Belknap pseudotachylite is a dense aggregate of 


48 A. L. Hall and G. A. F. Molengraaff: The Vredefort Mountain Land in the Southern Tronsvoal 
and the Northern Orange Free State, Shaler Memorial Series, Kon. Akad. Wetenschap. A 
(1925). 
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orthoclase, oligoclase, biotite, hornblende, and lesser amounts of magnetite, 
apatite, sphene, and zircon. Some of the feldspars are 0.20 millimeter 
long, but, generally, they are smaller; the larger ones are euhedral, and 
some are arranged in a manner that suggests trachytic structure. The 
biotite and hornblende are distributed throughout the thin section, in 
flakes and needles varying from 0.01 millimeter to 0.2 millimeter in size. 
Exceptionally, a few large crystals of feldspar and biotite are observed 
and are interpreted as remnants of the original rock; in one of these 
feldspar residuals, biotite flakes had penetrated along numerous cleavage 
surfaces without fracturing the grain. In the biotite residuals, they almost 
invariably show spherulitic recrystallization. One example of other 
feldspar residuals showed that it had undergone complete replacement 
by magnetite granules and apatite and was now a pseudomorph; another 
showed interwoven veins and concentrations of magnetite granules in 
intricate networks. Sphene and zircon are in close association with 
magnetite, in some places forming streaks and irregular areas of con- 
centration. It is not unlikely that some of the sphene, zircon, and mag- 
netite, together with what appears to be an excess of biotite and horn- 
blende, may have been hydrothermally introduced at the time of the 
crustal disturbance that produced the pseudotachylite. 

Field observations showed that the only mylonized rock near the 
pseudotachylite is the Meredith granite. The Albany quartz syenite, to 
the south, is quite unsheared. It, therefore, seemed likely that the 
Meredith granite was the source of dikes of pseudotachylite. Microscopic 
examination, however, destroys this hypothesis, for the thin sections show 
no quartz. The pseudotachylite resembles much more closely in its 
general composition the syenite and syenite prophyry that were observed 
on West Brook Mountain, as small lenses in the Meredith granite and the 
Moat volcanics. After such lenses had been injected, they were com- 
pletely crushed and converted to pseudotachylite. 


TECTONICS OF THE BELKNAP MOUNTAINS 
GENERAL STRUCTURAL FEATURES 


The geological map of the Belknap Mountains shows an igneous com- 
plex, marked by a notable annular arrangement of its units. The Albany 
quartz syenite forms an arcuate, almost oval-shaped, intrusive ribbon. 
Symmetrically grouped along the western edge of the complex are arcuate 
masses of quartz syenite, syenite, and monzodiorite. The Lake quartz 
syenite continues the arcuate trend of this latter group eastward, across 
Alton Bay, across Black Point headland, and through Rattlesnake and 
Diamond islands. In the southeastern part of the Belknap complex, two 


“4 
eee 
4 
i 
: 


TECTONICS OF THE BELKNAP MOUNTAINS 1923 


arcuate remnants of the schists and intrusives older than the White 
Mountain magma series further accentuate the structure. 

This dominance of annular arrangement is too marked to be the result 
of chance distribution of intruding magmas. From the petrological dis- 
tribution pattern alone, the conclusion must be drawn that a specialized 
tectonic mechanism—that of ring-intrusions—has been operative. 

As further confirmation of such a theory, the structure of the Ossipee 
Mountains, across Lake Winnepesaukee from the Belknap Range, has 
been shown to be the result of ring-intrusion tectonics. Kingsley *® demon- 
strated the existence of a ring-dike of Albany quartz syenite, identical 
with that in the Belknap Mountains. 


> 
SHAPE OF THE INTRUSIVE BODIES 


Kingsley *° was able to show in the Ossipee Mountains that the Albany 
quartz syenite is not only circular, but has steep, practically vertical con- 
tacts. What data are available in the Belknap Mountains indicate that, 
in general, the contacts, with one exception, are steep. The best exposed 
contact is the inner one of the Albany quartz syenite, which may be traced 
over barren ledges. from Mt. Major to Heater Mountain, without devia- 
tion. Between Ox Mountain and West Brook Mountain, the contact 
crosses a valley, 500 feet deep, without any change in strike on opposite 
sides of the valley bottom. This clearly demonstrates a vertical contact. 
Wherever the contact is exposed in small cliff faces, this fact is confirmed. 

Although the outer contact of this body is not so well exposed, it crosses 
the south ridge of Huckleberry Mountain—a ridge that rises about 500 
feet above the valleys on either side—without a change in strike. Farther 
east, the same relations hold. On the east slopes of Belknap Mountain, 
however, the contact, in a cliff a few feet high, was observed to dip about 
33° SW. Although this may be a local variation from a vertical dip, the 
relation of the contact to the topography, for a mile to the south and half 
a mile to the north, suggests that this low dip may be of more than local 
significance. 

In general, therefore, the Albany quartz syenite is arcuate in plan and 
has nearly vertical contacts, with the exception of 1144 miles of the outer 
contact. It is a true ring-dike. 

The relations on the south side of Rattlesnake Island show that the 
contact of the Lake quartz syenite with the older intrusives of the 
Chatham group must be relatively steep. 


Louise Kingsley: Cauldron subsidence of the Ossipee Mountains, Am. Jour. Sci., 5th ser., vol. 12 
(1931) p. 134-167. 
8 Op. cit., p. 145, 146. 


| 
a 
iz 
| 
| 
_ 
k 
{ 
i 
i 
} 
j 
e 


1924 DAVID MODELL—RING-DIKE OF BELKNAP MOUNTAINS 


The contacts of the central stock of Conway granite must be steep. 
The contact crosses the ridge connecting Weeks Hill with Straightback 
Mountain but does not change in strike, although northeast of the ridge, 
the contact drops 800 feet. Also between Rowes Hill and Joy Hill, the 
contact crosses a valley, 300 feet deep, without perceptible deviation. 

In summary, the intrusive bodies—with the exception of the central 
stock—are arcuate in plan and, although the data are, perhaps, not as 
complete as could be wished, have steep, probably vertical contacts. They 
fit the definition of ring-dikes. 

That the Albany quartz syenite was actually intruded along an arcuate 
or circular fault is demonstrated by the cataclastic rocks so well exposed 
along the crest of Ox Mountain and West Brook Mountain. Here, the 
contact between the Albany quartz syenite and the Meredith granite is 
a fault plane, which has been cemented by the intrusion of the former. 
A steep, arcuate fracture must have originally cut the Meredith granite; 
movement along the walls is shown by the associated mylonite and flinty 
crush-rock. That the Albany quartz syenite was intruded parallel to the 
surface of the fault is shown by the persistence with which the quartz 
syenite clings to the fault line as its lateral boundary. A chill zone, 
varying from several feet to several yards in width, forms a sharp con- 
tact with the Meredith granite screen. These data on the mode of intru- 
sion are similar to those described for the ring-dikes of the classic areas 
of western Scotland; undoubtedly the Belknap igneous complex was 
formed by some similar tectonic mechanism.** 

The block inside the arcuate fault has subsided, for the youngest litho- 
logic unit in the district, the Moat volcanics, lies inside the fault. A 
similar relationship between the Moat volcanics, the older rocks, and the 
Albany quartz syenite has been noted by Kingsley in the Ossipee Moun- 
tains,®? by Billings in the North Conway quadrangle, and by Billings 
and Williams in the Franconia quadrangle.** 

THEORY OF CENTRAL COMPLEXES 

The theory of central complexes is sufficiently well known from the 

Mull and Ardnamurchan Memoirs ** and the papers by Richey * and 


51C. T. Clough, H. B. Maufe, and E. B. Bailey: The cauldron subsidence of Glen Coe, Geol. Soc. 
London, Quart. Jour., vol. 65 (1909) p. 611-678. 

52 Louise Kingsley: op. cit., p. 162. 

58 Marland Billings: Petrology of the North Conway Quadrangle in the White Mountains of New 
Hampshire, Am. Acad. Arts and Sci., Pr., vol. 63 (1928) p. 128. 

54 Marland Billings and C. R. Williams: Geology of the Franconia Quadrangle, New Hampshire, 
State Planning and Development Commission, Concord (1935) p. 23. 

5% C. T. Clough, H. B. Maufe, and E. B. Bailey: op. cit. 

J. E. Richey: The geology of Ardnamurchan, northwest Mull, and Coll, Geol. Surv. Scotland, 

Mem. (1930). 

% J. E. Richey: Tertiary ring structures in Britain, Geol. Soc. Glasgow, Tr., vol. 19, pt. 1 (1932) 
p. 42-140. 
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Kingsley,®” so that only that portion of the theory that deals with the 
formation of ring-dikes and the associated screens, needs consideration 
here. A paraboloidal magma reservoir is assumed to exist at a depth of 
several miles. When the magmatic pressure becomes less than the hydro- 
static pressure on the roof, the stresses are relieved by a series of out- 
wardly dipping fractures with superimposed tension planes parallel to 
the outline of the magma chamber (Fig. 2). Subsidence of a central 
block and intrusion of magma between it and the country rock produce 
a ring-dike. 


Ficure 2—Dynamic relations of ring-fractures 
(After the Geological Survey of Scotland) 


The ring-dike of the Ossipee Mountains is the only one as yet mapped 
which forms a complete circle. All others form partial circles or, more 
properly speaking, arcs. 

Where the initial fissure forms a complete circle, the facts are as follows: 
(1) If the subsiding block has the same form in all cross sections, and if 
the subsiding block drops directly down, a complete ring-dike with uni- 
form breadth of outcrop (in any given horizontal plane) should develop 
(Fig. 3,a). (2) If the subsiding block does not sink directly down, but 
crowds toward one wall, an incomplete ring-dike may form (Fig. 3, b). 
(3) If the initial fracture dips much more steeply on some parts of the 
circle than on others, the ring-dike varies in thickness, and, if the fracture 
is vertical, no intrusion may form (Fig. 3, ¢). (4) If the outward dip of 


8? Louise Kingsley: op. cit. 
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the initial fracture varies greatly, the ring-dike may have closely spaced 
variations in its breadth of outcrop (Fig. 3,d). (5) A younger intrusion, 
either another ring-dike or a stock, may destroy an older, complete ring- 
dike (Fig. 3,e). Chapman believes that this is probably the explanation 
of the discontinuity of the incomplete Park Brooks ring-dike of the Percy 


Ficure 3.—Formation of incomplete ring-intrusions 


(a) Complete ring-dike, (b) crowding to wall, (c) unsym- 
metrical dip, (d) variable dip, (e) later intrusion, (f) inter- 
section, (g) two tangential fractures intersecting two con- 
centric fractures, (h) two radial fractures intersecting two 
concentric fractures, (i) cavity left by subsidence of small 
slab between two arcuate fractures. 
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area,°® and Billings and Williams believe the Mt. Garfield ring-dike of the 
Franconia quadrangle ** is cut out by younger intrusives. (6) If the initial 
fracture is essentially vertical, the intrusive may make room for itself 
largely by piece-meal stoping, in which case, it may be markedly irregular 
and even incomplete. Billings and Williams believe that such a process 
is important in the White Mountains.®° (7) As the result of the inter- 
section of two circular fractures, a more or less arcuate slab may subside, 
and magma well up to fill the potential cavity (Fig. 3, f). (8) Two tan- 
gential (Fig. 3, g) or two radial (Fig. 3, h) fractures might intersect 
two concentric fractures, and the block so bounded might subside, and 
the magma well up to fill the potential cavity. This type of subsidence, 
as well as the preceding type, may be called slab-subsidence. 

It is entirely possible, however, that the initial fracture may not 
form a complete circle, and, obviously, incomplete ring-dikes will result. 
(9) The magma might force the walls apart as in the normal type of 
dike; such dikes would probably be only a few hundred feet wide. 
(10) A small slab, caught between two arcuate fractures, might subside, 
and the magma well up to fill the potential cavity (Fig. 3,i). (11) Piece- 
meal stoping might be concentrated along an incomplete fracture. 


OUTER FRAME 


Outside the Belknap complex is a frame of older rocks, consisting of the 
Rockingham mica schists, the Meredith granite, and the Chatham group. 


RATTLESNAKE COMPOSITE RING-DIKE 


This structure extends from a point a third of a mile northwest of Ames, 
through Diamond Island, Rattlesnake Island, Gerrish Point, Goat Pas- 
ture Hill, Sweat Mountain, Piper Mountain, Belknap Mountain, and 
Gunstock Mountain to a point a mile northeast of the village of Gilford. 
It is interrupted between the last point and Ames by the central stock. 
It is a composite ring-dike, for it contains Ames monzodiorite, Gilmanton 
monzodiorite, Belknap syenite, Sawyer quartz syenite, and Lake quartz 
syenite. The angular, brecciated blocks of syenite in the quartz syenite 
near their contact indicate that (a) the intrusives of the ring-dike were 
not erupted simultaneously; (b) differentiation did not occur in situ; and 
(c) the dike was not intruded as a heterogeneous magma. On the basis 
of Anderson’s theory of central subsidence, *' it is necessary to picture 
the formation of the ring-intrusion as follows: (a) central subsidence 
along a ring-fracture, with the emplacement of an arcuate intrusive mass; 


58 Randolph Chapman: Percy ring-dike compler, Am. Jour. Sci., 5th ser., vol. 30 (1935) p. 417 
59 Marland Billings and C. R. Williams: op. cit., p. 24. 

© Op. cit., p. 25. 

6 C. T. Clough, H. B. Maufe, and E. B. Bailey: op. cit., p. 11. 
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(b) solidification of the magma; (c) re-opening of the fracture, central 
subsidence, and intrusion of a new magma; (d) intrusion congeals, in turn, 
and process is repeated in other intrusions. 


MT. MAJOR RING-DIKE 


The regular outline of the inner ring-dike of Albany quartz syenite 
and its petrographic homogeneity throughout its length indicate a typical 
ring-dike intrusion. The lithologic homogeneity of the intrusive is char- 
acteristically porphyritic in texture. Observations along the Ox Hill 
section of the dike, and its trend across the topography, show that the 
dip of the fracture along which the intrusive rose is practically vertical. 
Central subsidence accounts well for its emplacement; a view strengthened 
by the fact that the ring-dike of the Ossipee Mountains, formed of an 
Albany quartz syenite, has been shown to have formed by central 
subsidence.*? 


CEDAR MOUNTAIN AND WEST BROOK MOUNTAIN SCREENS 


A ring-complex containing arcuate strips of basement rocks is an 
expected result of the tectonic theory of ring-dike formation. The mode 
of formation is shown in Figure 4. Two such structures are in the Belknap 
complex. One, the Cedar Mountain screen, lies between the inner and the 
outer ring-dikes, and may be traced from Ames, Sleepers Island, Wood- 
lands, and Cedar Mountain to a point just north of Goat Pasture Hill, 
where it ends at the point of convergence of the two ring-dikes. 

The West Brook Mountain screen lies between the Mt. Major ring-dike 
and the central stock; it extends from Glidden Cove, through Weeks Hill, 
as far as Heater Mountain. The Moat volcanics occupy the west end of 
this screen, and must have reached their present position through sub- 
sidence of the interior cylinder, outlined by the inner ring-dike fracture. 
In the section extending northeast-southwest through the mass of Moat 
voleanies, the geologic structure of the Ossipee Mountains is exactly 
repeated. In both areas, the geologic sequence was as follows: (a) caul- 
dron subsidence of the Moat volcanics, (b) emplacement of a ring-dike 
of Albany quartz syenite, and (c) intrusion of a central stock of Conway 
granite. A somewhat similar section is found, also, where the Moat 
voleanics are preserved in the Franconia quadrangle.** 


CENTRAL STOCK AND RING-DIKES OF CONWAY GRANITE 


The problem of the mode of intrusion of the Conway granite presents 
several puzzling features. The central stock of Conway granite could 


62 Louise Kingsley: Cauldron subsidence of the Ossipee Mountains, Am. Jour. Sci., 5th ser., vol 12 
(1931) p. 134-167. 
63 Marland Billings and C. R. Williams: op. cit., p. 23. 
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not very well have been formed by an unmodified process of central 
subsidence, for a large part of it is really an older, brecciated stock, which, 
by the subsidence theory, should have disappeared. Stresses on the roof 
above the magma chamber probably caused the formation of several 
arcuate fractures in the central part of the complex. Slabs of the roof 
rock, outlined by these arcuate fractures, sank into the magma, brecciat- 
ing the diorite to the north by its rupture from it. A strong upwelling of 
granite magma then (a) completed the shattering of the diorite, forming 
an intrusion breccia with it; (b) filled in the space formerly occupied by 


COUNTRY / RING - DYKES / POSTULATED + RING - OYKES COUNTRY 


ROCK WITH SUNKEN BLOCK WITH ROCK 
SCREENS OF SCREENS 
COUNTRY ROCK 


Ficure 4—<Stereometric view of an ideal ring-complez 
(After the Geological Survey of Scotland) 


the subsided arcuate slabs; and (c) forced its way up the most southerly 
of the arcuate fractures along the northern border of the Cedar Mountain 
screen, forming the ring-dike of the Conway granite. 


LATE VOLCANIC VENTS 


The Rowes volcanic vent, already described, is slightly arcuate in out- 
line, and is filled with unbedded vent agglomerate. The body of volcanic 
breccia along the southern contact of the West Brook screen, along the 
western slopes of Straightback Mountain, probably also represents a 
small late voleanic conduit. 


a 


1930 DAVID MODELL—RING-DIKE OF BELKNAP MOUNTAINS 


GENESIS OF THE BELKNAP COMPLEX 


The genesis of the Belknap Mountains may be summarized as follows: 
(1) The Rockingham mica schists were deposited as muds, sandy muds, 
and muddy sandstones, probably during the Devonian, or possibly in 
the Carboniferous. (2) The sediments were intensely folded either in late 
Devonian or in late Carboniferous. In the latter stages of this orogeny, 
intrusives of the New Hampshire magma series rose into the crust, and 
the sediments were metamorphosed to crystalline schists. (3) A long 
period of erosion exposed these formations. 

The White Mountain magmatic cycle was probably initiated by the 
extrusion of the Moat volcanics on a surface composed of the older rocks. 
Strictly speaking, all that can be proved in the Belknap Mountains is 
that the Moat volcanics are older than the Albany porphyritic quartz 
syenite; possibly, some of the earlier intrusions may actually be older 
than the Moat voleanics. At Pleasant Mountain, however, Jenks “* has 
demonstrated that the volcanics are older than the syenites, and Althea 
P. Smith has found fragments of basalt in a quartz monzonite of the 
White Mountain magma series on Tripyramid Mountain.** Although 
such facts suggest that the Moat volcanics are relatively old members 
of the magmatic cycle, Billings ** and Kingsley ®* have pointed out that 
the volcanic and the plutonic phases of the activity may have been coex- 
tensive. 

The first stage in the plutonic cycle was the intrusion of the small stock 
of Gilford gabbro. 

Next was the emplacement of a large body of diorite. As in the case 
of the gabbro, there is no evidence to suggest fault-intrusion; the diorite 
is considered to have been intruded as a large stock, occupying essen- 
tially the same position as the mass of diorite-granite breccia. 

The underlying magma reservoir then exerted stress of such a nature 
on its roof that a crudely circular fracture zone was formed. Individual 
fractures within this zone had steep dips. Possibly, at least one major 
fracture formed a complete circle, along which subsidence occurred. The 
fracture zone extended through Diamond Island, Rattlesnake Island, 
Gerrish Point, Goat Pasture Hill, Piper Mountain, Mt. Belknap, and Mt. 
Gunstock. Into this fracture zone, there was intruded successively the 
Ames and Gilmanton monzodiorites, the Belknap syenite, the Sawyer 
quartz syenite, and the Lake quartz syenite. These bodies may have 


6 W. F. Jenks: Petrology of the alkaline stock at Pleasant Mountain, Maine, Am. Jour. Sci., 5th 
ser., vol. 28 (1934) p. 321-340. 

® A. P. Smith: Geology of the Sandwich Range. In preparation. 

® Marland Billings: Petrology of the North Conway quadrangle in the White Mountains of New 
Hampshire, Am. Acad. Arts and Sci., Pr., vol. 63 (1928) p. 67-137. 

® Louise Kingsley: op. cit. 
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been emplaced either by successive subsidences along the zone of weak- 
ness, or by overhead stoping along this same zone, as the Rattlesnake 
composite ring-dike was formed. 

A new ring-fracture, smaller than the first, developed next. The center 
of this fracture was at least a mile northwest of the center of the older 
fracture zone, implying migration of the underlying magma reservoir. 
Because the central block subsided, the Moat volcanics were dropped 
to their present position, the Albany quartz syenite was intruded along 
the fracture, and a large screen of the older basement rocks was left 
between the two ring-dikes. 

Further stresses were relieved by arcuate cracks in the central part of 
the area. Rupture and sinking of blocks formed, together with an influx 
of granite magma, shattered and brecciated the diorite to form a diorite- 
granite breccia. The rupture and subsidence of the central blocks left 
behind a thin strip of the old basement rocks (principally the Meredith 
porphyritic granite) to form the West Brook screen. Farther from the 
center, two incomplete ring-dikes of granite were injected along the outer 
edge of the younger of the two ring-dikes. 

The explosion of a volcanic vent marked the next phase of igneous 
activity ; this eruption was localized in an area between the quertz syenite 
and the Cobble Hill area of the Belknap syenite. The volcanic pipe left 
as a relic of this disturbance is approximately a mile in length; it is filled 
with rubble of the Meredith granite and other rocks, forming a typical 
vent-agglomerate. Simultaneously, volcanic activity occurred along the 
southern part of the Albany quartz syenite and the West Brook screen, 
giving rise to other volcanic breccias. 

A period of dike injection closed the history. 
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INTRODUCTION 


Abandoned lake beaches in the northern part of the Great Lakes region 
have been known to geologists for nearly ninety years. They record a 
series of episodes that intervened between the Algonquin and the Nipissing 
stages, which have been well worked out elsewhere. Study of later Algon- 
quin strandlines on Isle Royale in 1930 led the writer to doubt the inter- 
pretation hitherto given these beaches. Researches were carried on in 
areas closer to the region of earlier studies. Those on Penetang (short for 
Penetanguishene) peninsula (Fig. 1, for location) were of especial value 
in interpreting the geologic history, and furnished the material for this 
paper. 

Field work was done in August, 1935, with the aid of a grant from the 
Penrose Bequest of the Geological Society of America, for which the writer 
is grateful. The work of Mr. James Calver, of Ann Arbor, in assisting 
with the tedious instrumental work, is acknowledged with appreciation. 
Results of work in the Mackinac area, done earlier in the summer under 
the same grant, are not presented in detail, for they cannot yield con- 
clusive evidence until further supplemented. 


PRELIMINARY DISCUSSION 
PREVIOUS KNOWLEDGE 


The Algonquin and the Nipissing are the two most prominent old shore- 
lines around the northern and northeastern Great Lakes. The Algonquin 
generally marks the highest limit of lake action and an abrupt change 
from the lake plain to the more rugged glacial drift; the Nipissing is 
characterized by heavily cut terraces and sharp, high bluffs.* 

These two abandoned shorelines show an upward inclination to the 
northeast. The Nipissing has been gently and evenly tilted throughout 
the region; the older Algonquin shoreline was previously up-tilted to 
considerably greater degree. Thus, the Algonquin beach rises more 


1Frank Leverett and F. B. Taylor: The Pleistocene of Indiana and Michigan, and the history 
of the Great Lakes, U. S. Geol. Surv., Mon. 53 (1915) p. 316-469. 
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steeply than does the Nipissing, and at a rate that increases to the 
northeastward. 

Both water-planes converge southwestward, toward the Port Huron 
outlet, and they are horizontal over the southern end of Lake Huron, 
below the hinge line through Richmondville and Grand Bend, with ele- 
vations of 607 feet (Algonquin) and 596 feet (Nipissing). To the north- 
east, they are separated by an ever-widening vertical interval, which in- 
creases from 11 feet, in the area of horizontality, to 60 feet at Kincardine, 
180 feet at Mackinac Island, and about 350 feet near Sault Ste. Marie. 
At the latter locality, the Algonquin has been uplifted more than 400 
feet, the Nipissing less than 60 feet. 

In this vertical interval are a number of intermediate strandlines, which 
together may be conveniently called the “lower Algonquin beaches.” 
It is significant that, toward the northeast, where the Algonquin is farther 
from the Nipissing, these beaches increase in number. The Battlefield 
and the Fort Brady beaches, members of this group, will be referred to 


later. 
METHODS OF CORRELATION 


Fully half the field work consisted of the search for distinct strand 
features. In certain places, the shorelines are well developed, and it is 
not difficult to measure their elevations and to note that lake-action was 
protracted at that particular place and level. But the correlation of 
scattered features is more difficult. Measurements over a given area 
may disclose that the elevations of a prominent shoreline show a regular 
variation, and that the abandoned water-plane slopes with more or less 
definite rate and direction. It is not enough that additional shore features 
be found at accordant levels, for, in some favorable places, such as Cedar 
Point, shore features were noted at nearly all levels. The receding lake 
surface must have touched all levels, but the important stages in such a 
recession are marked by stronger development. The cut terraces are 
wider and more deeply indent the previous terrain; the depositional 
ridges are larger and more abundant, of greater length, and more com- 
monly shut off bays or lagoons. In order to lend assurance to corre- 
lation, all strong shorelines must show a decided coincidence with the 


level, or le els, in question. 
THE TERRAIN 


Tr- . enetang peninsula is the northernmost part of Simcoe County, 
Ontario. It projects into the southeastern corner of Georgian Bay in 
such a way as to expose its west and north sides to violent storms, and 
to leave more protected its northeast shore, which is heavily covered with 
glacial drift and deeply embayed. Much of the land is cleared and easily 
accessible by road. Therefore, and especially because of the topographic 
relations, it furnished an admirable place for study. 
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The lower Algonquin features are well preserved about the bays in the 
northeast, and especially around fiord-like Penetang Harbor. The cut 
benches there are distinct and sufficient in themselves to measure the 
tilt rate. The west coast generally is less favorable for measurement, 
for good features are scarcer and more remote from the lake. Extensive 
Nipissing cliff-cutting destroyed many of the adjacent higher beaches. 
This explains the lack of evidence in the long stretch south of Lafon- 
taine. Most abundant data were thus derived, not from the exposed 
situations where wave action is most intense, but from the steeply sloping 
hills surrounding sheltered bays. 


METHODS OF MEASUREMENT 


For measuring up steep slopes, an ordinary hand level (pocket level) 
was used in conjunction with a collapsible stadia rod. Over flatter land, 
where long sights were possible, a telescopic stadia level, mounted on a 
light tripod, was found easier to manipulate and to transport, if not quite 
as precise as the usual wye-level. Lake Huron served generally as the 
datum of reference, but the data at Wyebridge and west of Midland are 
based on railway and highway elevations, respectively. Except in the 
few cases where the use of aneroid is noted, all measurements were by 
spirit level and are reliable to probably a foot and a half. 

Final measurement of the shoreline was not confined to a single observa- 
tion, but levels were run along it for considerable distances in some cases. 
The single values given, thus, represent the mean or the most satisfactory 
of a number of readings. These were made on the summits of the deposi- 
tional bars or beach ridges, and on the highest, even parts of the terraces, 
near the bluff. Such elevations cannot be far from the former lake 
levels. In general, beach ridges are believed to have been formed a few 
feet (rarely more than 6 or 7, and probably only 3 in protected situations) 
higher than the lake, but some of the bars or ridges measured were prob- 
ably of subaqueous formation. Erosional terraces were usually 2 or 3 feet 
lower than the associated ridges, but, in a number of instances, this dif- 
ference seemed abnormally great. Undoubtedly, each stage of the lake 
had alternating periods of high and low water. A beach crest, thrown 
up during high water, may have endured; whereas, erosion of a nearby 
terrace may have continued during low water and exaggerated the pre- 
vious, and normal, difference in level between these two features. This 
condition pertains to all the water-planes discussed here, and it seems 
well borne out by the fact that characteristic Nipissing terraces, both in 
this and in other areas, are at slightly lower levels than are consonant 
with the well-established Nipissing water-plane. 
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Ficure 1. TERRACES OVERLOOKING THE SouTH BasIN 
Northwest view near Davidson Point. White house is on the Cedar Point terrace (698); 
large tree (extreme left) on the Payette (661); Nipissing (629) in the foreground. 


Ficure 2. PAYETTE TERRACE (660) SOUTH OF THE HARBOR 
Southwest view along hillside below range lights. Same terrace may be seen in the right 
distance with the Cedar Point terrace (above) and the Nipissing (below). 


TERRACES BORDERING PENETANG HARBOR 
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Ficure 1. EASTWARD VIEW OF TERRACE 
East of Penetang Reformatory. Rodman stands on highest point of terrace (710), near 
base of bluff. 


Ficure 2. SoUTHWESTWARD VIEW OF SAME TERRACE 


CEDAR POINT BOULDER TERRACE 
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DESCRIPTION OF DATA 
TABULAR SUMMARY OF DATA 


Elevations of the shorelines are arranged in Table 1, by localities and 
in the ascending order in which they were found during the process of 
surveying up from the lake. The subdivision into columns according 
to water-planes followed completion and study of the profile in Figure 
2. In general, the localities are listed counter-clockwise around the Pene- 
tang peninsula. Locality descriptions are derived from maps. A few 
observations made by Goldthwait and Comstock have been included, 
but all measurements were made by the writer, and with a spirit level, 
unless otherwise noted. 


SHORELINES NEAR WASAGA BEACH 


General statement.—Data on the shorelines near Wasaga Beach have 
been included in Table 1, but there are further essential facts that require 
elaboration. This region is much flatter than the other areas worked, 
and the shorelines are marked entirely by gravelly ridges, with no definite 
erosional features. 

Nipissing —A broad, bulky sand and gravel belt, lying about a mile 
in from the lake, marks the Nipissing shore. High sand dunes (crests 
reaching to elevations of approximately 670 feet) and numerous sand 
ridges, slightly blown, overlie and obscure a great part of it, but gravel 
ridges (632 feet elevation) lie within the acute bend in the highway, half 
a mile northwest of Marl Lake, and northward along the east side of the 
road to the point at which it turns away from the dunes (Fig. 3). 
During Nipissing time, this barrier separated a large lagoon from the 
lake. A faint beach (631 feet), which crosses the highway half a mile 
southwest of Langman, and a bouldery ice rampart (634 feet) half a 
mile farther southeast, indicate the landward shore of this lagoon. Prob- 
ably, a great deal of the material in the Nipissing barrier was derived 
from the bluffs to the north and was swept southward by storms from the 
northwest. Between the line of high dunes and Wasaga Beach are many 
post-Nipissing sand ridges, more or less deformed by the wind; only two 
of these seemed to be sufficiently intact shorelines to be worthy of measure- 
ment (611 feet and 617 feet). 

.  Payette—The Payette beach (624 feet) was measured near the road 

0.9 mile southwest of Langman Corners, and again (623 feet) about 
three-quarters of a mile away, in the south part of Lot 22. This beach 
is the most notable single find of the season’s studies. Gravel pits on 
both sides of the road showed the beach to be covered with a layer of 
marl. Excellent sections behind Livingston’s house displayed the marl 
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deposit, a foot and a half thick and teeming with shells, in even, hori- 
zontal strata overlying the beach gravel. The gravei beds dip southeast- 
ward and thus indicate the prolongation of the beach, or spit, in this 
direction (Pl. 4). It is a distinct ridge and controls the drainage of a 
small tributary to Marl Lake. About a quarter of a mile northward from 
the road, the ridge passes beneath the Nipissing dunes. 

Cedar Point —The Cedar Point shoreline is more extensively displayed 
than are the other lower Algonquin members near Wasaga Beach. It can 
be traced continuously for about 3 miles, and levels were run carefully 
along it, in an effort to measure the tilt rate. It is not a single, unbroken 
gravel ridge throughout this distance. Gullies make short gaps in it, 
and in places the main ridge dies out and is replaced or overlapped by 
another ridge, somewhat above or below. The measurements along it 
are presented in Table 2, which clearly shows a southward decrease in 
elevation of the shoreline. The total change is 3.9 feet. Although the 
localities thus represented are 3 miles apart, they are separated by only 
1.3 miles in the direction of uplift (Fig. 3). A tilt of about 3 feet per mile 
is, therefore, indicated, and, though little weight can be attached to meas- 
urements over so limited an area, this result accords well with the other 
data. 

Certain discrepancies in the table need explanation. In the stretches 
with mean elevations of 656.4 and 656.0, the beach trends away from the 
direction of dominant storms; wave action was probably less intense here, 
and the ridge was not built to as great a height. The most conspicuous 
anomaly (658.1) lies in the only stretch where the beach is broad and 
sandy and most nearly faced the westerly storms. Here, in bayhead 
position, it must have received material drifted along-shore from the 
northwest and must have been heaped higher by the waves. At both 
terminal places of this survey, the beach is a characteristic gravel ridge 
and trends approximately north-northeast; these stretches, therefore, 
seem well suited to show the change in elevation, already noted. 

Penetang.—The Penetang beach is marked by a gravelly ridge, which 
angles eastward across the north parts of Lots 20 and 19, Concession 
VII, Flos, from a point a quarter of a mile northeast of the cemetery (see 
cross on map, Fig. 3). The beach was traced for half a mile, along the 
south side of a gentle swell, which rises only a foot or so higher than the 
beach itself. In this distance, sixteen readings were made on the crest 
of the beach, averaging 677.2 and lying between limits of 676.4 and 678.0. 

Wyebridge—The Wyebridge shoreline was not found here. It must 
lie far back from the present lake, and may be represented by the ridge 
(720) near Woodland Beach, which lies on a height of land that was 
probably submerged at the Wyebridge stage. 
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DESCRIPTION OF DATA 


1939 


Taste 1—Altitude (feet above sea level) of abandoned shorelines and description 


Locality Nipissing Payette Cedar Point Penetang Other shorelines 
Martyr’s Shrine | 637 Bouldery 663 Bench 697 Strong 723 Distinct 734 Faint beach 
bench below higher on bouldery bouldery Kine near hill- 
marked bluff hillside, its bench above bench, high- top 
along west exact level 663 est principal | 620 Sandy bench 
slope of hill somewhat step in this between 
north of questionable series Nipissing and 
Shrine 725 Narrow Wye River 
little beach 
near south 
end of above 
bench 
Wyebridge 656 Possible 686 Terrace 712 Distinct | 750 Strong 
beach, 200 and faint bouldery bouldery 
feet north- bluff at base bench over- bench above 
west of aban- of hill due loolgng 686 712 
doned rail- east of old 
way station station 
637 *Sharply de-| 658 *Terrace 
fined terrace 
Midland 658 Flat near 698 Light grav- | 719 Terrace Graveily 
junction elly beach on and bluff in beaches below 
Highway 27, golf course woods, east 719, at 712 
1% miles south of across high- and 708 
west of Mid- junction way from 
land, possibly Midland Golf 
shore feature and Country 
Club % mile 
southeast 
of junc- 
tion 
Penetang 639 Very mark- | 671 Bouldery 715 Faint 736 Strong 
3 miles north ed terrace terrace and gravel beach gravel beach 
of town and with 25-foot bluff above near brook in woods by 
3{ mile east bluff, near 639 brook. 
ofreformatory northwest Fainter beach 
corner of Lot in front, at 
31, Conces- 733 
sion III, 
Tay 
Penetang 672 Very mark- | 710 Strong 730 Weaker 687 Faint sandy 
200 yards west ed bouldery bouldery ter- bouldery ter- beach deposit 
of locality terrace and race and bluff race and bluff at front of 710 
above bluff terrace 
Penetang 636 Bench be- | 660 Strongly 699 Terrace 720 Terrace 765 tLittle ter- 
Near harbor low sharp marked with low bluff and low bluff races beside 
range lights on bluff bench with to south of overlooking small creek 
hillside in bluff rear range 699 bed on hilltop 
southwest light south of har- 
part of town bor ranges 


*From Goldthwait’s spirit levels. 
+ By writer’s aneroid reading. 
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Taste 1—(Continued) 


Locality Nipissing Payette Cedar Point Penetang Other shorelines 
698 Bouldery 722 Terrace 
terrace and and low bluff 
low bluff to in line with 
east of rear ranges and to 
range light southwest 
Penetang Harbor 659 {Marked 697 tMarked 
Up road terrace terrace 
southwest 
from head of 
harbor and 
millpond on 
Copeland 
Creek 
Penetang Harbor] 629 Terrace 661 Higher 698 Terrace 723 Distinct 684 Faint bench 
Along hillside at base of marked ter- and bluff, bench above | 743 Faint bench 
half a_ mile sharp high race below above 661 696 760 Faint beach 
west from bluff (unus- bluff 696 Beach spit 764 Distinct, 
Davidson ually low for at south strong beach 
Point, across Nipissing) end of 661 at top of hill 
harbor from 
Penetang 
village 
Penetang Harbor 708 Strong, 728 Strong 
About a mile broad sandy summit bar 
due south of bar beach beach of 
the Northwest facing north- sand and 
Basin, in broad ward with gravel. This 
valley sloping hollow be- and lower 
northward hind it beaches cut 
(south part of 698 Weak through by 
Lot 3, Conces- bench in gully 
sion XV, front 722 Distinct 
Tiny) lower beach 
717 Faint 
lower beach 
Penetang Harbor 673 Strong 710 Strong (not to be found | 720 Distinct 
Up road to gravelly gravelly here) gravel beach, 
southwest beach across beach across red brick 
from North- road, farm- road house on it 
west Basin, house on it | 705, 697, 695 765 tLittle ter- 
between Con- 668 Faint lower Distinct race near top 
cessions XV beach beaches in of hill 
and XVI front of it, to 
south of road, 
695 a long 
tombolo 


+ By writer’s aneroid reading. 
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DESCRIPTION OF DATA 


Taste 1—(Continued) 


t By writer’s aneroid reading. 


Locality Nipissing Payette Cedar Point Penetang Other shorelines 
Penetang Harbor} 637 Back of 676 Strong sand | 711 Strong 727 Distinct 696 Strong 
Up road to sandy terrace and gravel beach south- little bench gravel beach 
northwest below sharp beach spit west from along hillside spit in fields 
from North- bluff. Buried across road road corner, northeast on west side 
west Basin logs and 663 Weaker half a mile from same of road 
leaves of beach in front northwest road corner 
Nipissing from Basin, as 711 
time exposed in north cor- | 719 Fainter 
in ditch by ner of Lot 2, bench below 
roadside on Concession 
this terrace XVI, Tiny 
709, 708 Dis- 
tinct beaches 
703 Faint 
beach 
711 to 708 766t Distinct 
Strong grav- bench along 
elly beach hillside 
spit about 4 farther north- 
mile east east, and 
from same north of 
road corner Grosell’s 
as 711 Pene- house 
tang Harbor 
and across 
road from 
Grosell 
house, in 
north part of 
Lot 1, Con- 
cession XVI. 
It encloses 
hollow, 25 
feet deep 
703 Distinct 
beach in 
front 
Saw Log Bay A series of 683 Very strong, | 721 Strong bar | 744 Broad, bold | Probably a 
Up road to sandy wind- gravelly bar beach across beaches in number of 
south from blown ridges 1% miles road about woods and weaker beach 
Crescentwood near lake, from lake, in half a mile crossing road, lines in addi- 
Beach, 6 miles culminating south part of from lake summit of tion to those 
due north of at about 641 Lot E, Con- | 715 Good beach land here, a recorded, 
Penetang cession XVII, in front of mile from which, be- 
village Tiny. It runs 721 lake cause of the 
northeast to | 721 Boldrubble | 735, 734, 732 dense woods, 
Payette farm, bar beach Weaker are not con- 
then bends about 34 mile beaches to spicuous 
north. It en- from lake north 
closes hollow, | 720 Cobble 741, 734, 728 
6 feet deep, beach 1% Weaker 
to north of it miles from beaches be- 
lake low, to south 
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Locality Nipissing Payette Cedar Point Penetang Other shorelines 
West of Saw Log 679t A distinct 
Point gravelly 
beach across 
trail in woods 
about {4 mile 
from lake 
Thunder Bay 664 Cobbly 700 Distinct No trace found 
bench and beach above here 
bluff, 0.9 664 
mile south | 710, 686 Much 
from bay, fainter 
just east of beaches 
road and 500 above and 
feet north of below 
road corner 
Thunder Bay 664 Very strong | 699 Flattish 685 Strong 
gravelly gravelly beach at 
beach across beach cut gravel pit 
embayment through by and jog in 
lowland to road, 1.7 road, 1.5 
east of road miles south miles south 
and 1.1 miles from bay from bay 
south of bay | 689 Strong 760 {A sandy 
669 Short beach gravel beach windblown 
at east end of and flat, east shoreline, a 
664 of road. Also, mile south 
lower and and half a 
successively mile south- 
weaker west from 
beaches at shore of 
684, 675, 671 Thunder Bay 
Cedar Point 641 Very strong | 668 Very strong | 704 Very strong | 723, 722 Strong | 764 Very strong 
(12 miles gravel bar gravel bar gravelly bar.| double- gravelly bar. 
northwest of parallel to overlooking Leroux house crested beach Extremely 
Penetang). lake shore last. Thisand| on it, west of | 718 Fair beach | faint sandy 
Up road to and not far other beaches road. below 722. ridges at 749, 
south from back, mostly built across Faint beach Possibly very 741, 732, 728 
Cedar Point east of road. slight embay- lines below at faint beach | 813t Gravelly 
Hollow, 7 feet ment in hill- 699, 695 lines at 714, beach on 
deep, behind side to east 712 height of land 
beach of road about a mile 
674, 663, 660 south of 
Faint beaches Cedar Point 
above and by road 
below 
755t, 720t, 699T 
A quarter of a 
mile west of 
road, step- 
like bouldery 
benches along 
hillside 


+ By writer’s aneroid reading. 
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DESCRIPTION OF DATA 


Taste 1—(Continued) 


1943 


Locality Nipissing Payette Cedar Point Penetang Other shorelines 
Lafontaine 631 Terrace and | Removed by Removed by 713 Short, 
Ran northeast base of sharp Nipissing cliff Nipissing cliff vague grav- 
from lake, up bluff, 70 feet erosion erosion elly spit, a 
line between high few hundred 
Concessions feet north 
XIV and XV from top of 
bluff 
706, 704 Weak 
and obscure 
spits at top of 
bluff 
Woodland Beach | 625 Terrace at | Removed by Removed by 690 Strong 720 Gravel 
Ran north- base of sharp Nipissing cliff Nipissing cliff gravel beach, beach on 
east, up line bluff, 50 feet erosion erosion % mile up plain at 
between con- high road from Brock house, 
cessions I and lake and 1.4 miles up 
II 4 mile north road from 
of road, by lake and 200 
gravel pit in feet north of 
field in south road corners 
part of Lot 
26, Conces- 
cession II, 
Tiny Town- 
ship 
688 Low cobble | Cobbly ridges 
beach looped adjoining this 
about knoll at 684, 682 
100 feet 
south of road 
and 4% mile 
from lake. 
687 This beach 
is a continua- 
tion of 688, to 
southeast, 
southwest 
Southeast of 635 Terrace at 666 Strong around broad | 687, 681, 679, 
Woodland base of bluff broad gravel embayment; 678 Faint, 
Beach bar runs for continuous obscure beach 
500 feet along levels along it lines across 
top of Nipis- (685-689); it gully west of 
sing bluff terminates Tripp barn. 
near gully (686) at gravel 
west of I. T. pit behind 
Tripp house Tripp barn, 
in south part about 34 mile 
of Lot 27, south of the 
Concession I, 688 looped 
Tiny. Eroded beach. 
away else- 
where. Gully 
shows 10 feet 
of stratified 
sand and 


gravel over 
clay. 
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1944 G. M. STANLEY—ALGONQUIN BEACHES OF PENETANGUISHENE 
TasLe 1—(Continued) 
Locality Nipissing Payette Cedar Point Penetang Other shorelines 
Near Wasaga 660 Strong 
Beach gravel beach 
At road, 0.8 | 632 Gravelly across the 
mile north- beach beside southeast- 
northwest of Elmvale trending road 
Langman Road, behind in north part 
Corners, a high dunes, of Lot 21, 
mile southeast ¥% to % mile Concession 
of New north of Mar! IX, Tiny. 
Wasaga Lake. Continuous 
Beach. levels run 
south-south- 
east along 
this beach. 
In surveying up 
Elmvale Road 
Langman 631 Low dis- 624 Broad low | 658 Same beach from Wasaga 
Corners. tinct beach, gravel beach as 660. Beach, 
about 4 mile at Lamont 652 Strong crossed exten- 
west-south- Livingston's, beach below. sive series of 
west of Lang- 0.9 mile west- wind-blown 
man Corners. south-west of sand ridges, 
Langman culminating 
Corners, in in peaks of 
Lots 23 of dunes about 
Concessions 670, and 1% 
VII and IX, miles from 
Flos. Gravel lake. 
pits show 114 Closer to lake 
feet of marl are occasional 
over the beaches not 
beach disturbed by 
wind at 611 
and 617. 
At cemetery, 0.8 | 634 Ice ram- 623 Broad low | 656 Same beach | 678 Distinct 
mile south- part, 4% mile beach by barn as 652 gravel beach 
southeast of due west of west of ice | 647 Strong trending east 
Langman cemetery rampart in beach in front from Marshall 
Corners south part of of it Palmer house, 
Lot 22, Con- northeast of 
cession VIII, cemetery, in 
Flos north parts 
of Lots 19, 
20, Conces- 
sion VII, Flos 
Township 
* Coldwater 635 * Obscure | 672 * Sandy 706 * Broad 611 * Sandy 
bench in beach in pas- beach above beach 
bouldery pas- ture on same 647 
ture, 34 mile hillside as 635 
west of village 
§ Beausoleil 638 § Bouldery 
Island terrace 
§Giant’s Tomb | 640 § Bouldery | 685 § Cut bench | 725 § to 711 § | 746 § Cut terrace] 666 § Cut terrace 
Island terrace Four beach 
ridges 


*From Goldthwait’s spirit levels. 
§ From Comstock’s aneroid reading. 
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DESCRIPTION OF DATA 1945 
TaBLe 2.—Elevations along Cedar Point shoreline near Wasaga Beach 
From northwest to southeast, in the order levels were run. 
Mean | Num- | Eleva- |Approx- 
eleva- | ber of | tion | imate From To Description Other beaches 
tion jobserva-| limits /distance 
tions (feet) 
660.2 17 659.1- | 2000 500 feet south- | Southward in| Very strong Strong gravel 
660.7 east of road Lot 21, Con- gravel beach ridge at 
corner, a mile cession IX, ridge through 652 to west 
northwest of Flos, to a garden and of this knoll 
Langman small clayey fields 
Corners knoll only a 
foot above 
beach level 
658.3 13 657.4— | 2500 Same knoll as| About halfway | Very strong, 
658.9 above, going to schoo] on continuous 
about south Elmvale gravel beach 
by east, near Road ridge 
west edge of 
Lot 21 
(No disjtinct bejach at | 500 A few hundred | Elmvale Road Strong gravelly 
princi|pal leve}] in this feet north- near school beaches at 
interv/al) northwest of house south- 653, 651, a 
Elmvale west of Lang- short way 
Road man Corners north of road 
(No distlinct beajch at | 1000 Elmvale Road | Southeast in Strong gravelly 
princi|pal levej] in this Lot 21, Con- beaches at 
interv|al) cession VIII, 649, 648. 
Flos, through Fainter 
orchard to till beaches at 
knoll 643, 640 
658.6 + 658.3- | 500 Built southeast Gravelly spit 
658.9 from till knoll 
in Lot 21 
657.5 5 656.5- | 2500 Near end of spit | Southeastward | Very strong 
658.0 in Lot 21 to gravel beach 
deep gully ridge 
656.4 11 655.4— | 1500 |Gully mentioned | Gravel pit op- | Very bold Very strong 
657.3 above south- posite ceme- gravel beach gravel beach 
eastward tery, by road ridge, cobbly spit at 647, to 
through fields corners a mile in places southwest of 
andfarmyard southeast of main beach 
in southeast Lang 
corner of Lot Corners 
21 
656.0 7 654.5- | 2500 | Cemetery, east- | Where beach Intermittent Another gravel 
657.4 southeast, curves to strips of beach at 654, 
and curving southward gravel. Wave just south of 
to southeast and is better action prob- cemetery 
in Lot 20, developed ably weak on 
Concession north side of 
VII, Flos embayment 
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Taste 2—(Continued) 


Mean | Num- | Eleva- |Approx- 
eleva- | ber of | tion | imate From To Description Other beaches 
tion observ limits /dist 
tions (feet) 
658.1 10 657.5- | 2000 | Continuing to} Back of aban-}| A very broad 
658.7 south and doned farm beach of peb- 
curving house by bly sand with 
southwest in roadside, 144 a few small 
Lot 20 miles south- dunes on back 
east of Lang- of beach and 
man Corners 5 feet higher 
656.3 2 656.1-— | 500 Near farmhouse | Road in front | Narrow gravel 
656.5 in south part of house. beach ridge. 
of Lot 20 From ceme- Beyond this 
tery to this point, it is 
point, the blown into 
beach makes high dunes in 
a broad semi- south end of 
circle around Lot 21, Con- 
embayment, cession VII. 
open to 
southwest 


INTERPRETATION OF DATA 


PLOTTING OF RESULTS 


The Orillia sheet of the National Topographic Series of Canada served 
for horizontal control of the data and was supplemented, for the north- 
west part of the peninsula (which it does not include), by the road map 
of Simcoe County, published by the Ontario Department of Highways. 
Comparison of elevations of the shorelines at Cedar Point, Penetang, 
Martyr’s Shrine, and Coldwater justified drawing the lines of equal up- 
lift, or isobases, with bearing N 71° W. This direction can be considered 
accurate only to 3 or 4 degrees, but it agrees well with Goldthwait’s iso- 


bases for the highest Algonquin beach over this district. Isobases for 


the Penetang shoreline are shown, together with elevations and the locali- 
ties of observation, in Figure 1. 


All data were plotted in a profile, which extends for 24 miles parallel 
to the tilt-line (N. 19° E.) and at right angles to the isobases, as shown 
in Figure 2. Variations in the size of symbols are in accord with 
the strength of the features represented, and the center of each marks 
the significant elevation. 


As warping is negligible over the extent of 
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Ficure 1—Isobase map of the Penetang water-plane 
Dots mark localities of observation, with elevations for the Penetang beach. 


this profile, the water-planes are shown by straight lines. For compari- 
son’s sake, the Algonquin water-plane was added to the profile, according 
to the following figures, obtained by Goldthwait: 852 at Coldwater; 855 
at Penetang; 840 at Wyebridge; 829 at Elmvale; 780 isobase near Mea- 
ford-Allendale.2 The level of Lake Huron-Georgian Bay has been taken 
as 580 for all diagrams, though 578.5 (Harbor Beach gage—August 1936) 
was used during the leveling work. 


2J. W. Goldthwait: An instrumental survey of the shorelines of extinct lakes Algonquin and 
Nipissing, in southwestern Ontario, Geol. Surv. Canada, Mem. 10 (1910) p. 24. 
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LOWER ALGONQUIN WATER-PLANES 


General statement.—It is fortunate that the lower Algonquin beaches 
in the Penetang area are distinctly and separately displayed (Pl. 1). 
Elsewhere about the Great Lakes, the intervals between them are not 
as clear. The writer has, therefore, named them in this area. 

Wyebridge—The Wyebridge beach is best shown as a marked cut 
terrace (750) just east of the abandoned Wyebridge railway station, and 
as a strong gravel ridge (764) at Cedar Point. It was less commonly 
observed than the lower shorelines and is, consequently, not as well estab- 
lished on the profile. For this reason, it has not been put in a special 
column in Table 1. 

Penetang.—The Penetang beach is to be seen in many places about 
Penetang Harbor, and is especially well developed (728) south of the 
Northwest Basin. It is distinct at Cedar Point (723), as are many of 
the other shorelines. In many places it seems to have been less well 
developed than the two lower beaches. An attempt to find this beach 
along the borders of Lake Couchiching, north of Orillia, was unsuccessful, 
wave action having been probably too weak to develop it there. 

Cedar Point——The Cedar Point beach is named for its marked repre- 
sentation at Cedar Point (704); the term might be as suitably applied 
to strong beaches at other levels there. This shoreline is conspicuous also, 
at most of the other localities (Pls. 1 and 2). Somewhat less well 
developed beach ridges were found from 10 to 15 feet below the Cedar 
Point shoreline. If these represent another water-plane, it is not parallel 
with the Cedar Point plane, but lies 5 feet closer to it near Wasaga Beach 
than near Penetanguishene, as shown in Figure 2. There is little likeli- 
hood that such a plane would thus be less steeply tilted than the lower 
plane (Payette), and the data scarcely warrant such an assumption. 

Payette——The Payette beach is named after the exceedingly bold gravel 
ridge (683) on which the Payette farm is situated, to the south of Saw 
Log Bay (PI. 3). In general, it seems to be fully as distinct as any other 
member of the group, and is the youngest pre-Nipissing beach in this 
region. 

GENERAL RELATIONS OF THE WATER-PLANES 

The substantial parallelism of the lower Algonquin beaches with the 
highest Algonquin, ir amply demonstrated in Figure 2. This parallelism, 
together with the overlapping and submergence of the lower Algonquin 
planes by the Nipissing, make up the thesis of this paper. This condition 
was anticipated before the study of the Penetang area, but it was not 
anticipated that researches would demonstrate the fact so unequivocally. 
The steep tilt, about 3 feet per mile, was apparent around Penetang Har- 
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Ficure 2.—Detailed profile of the water-planes near Penetang 
Dots, beach ridges; triangles, erosional terraces, with a sinuous line indicating height of bluff. 
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bor, in not just one, but in three different shorelines, and became increas- 
ingly certain from the accumulation of more data farther to the north and 
south. Although the old beaches near Wasaga are somewhat isolated from 


OLD SHORELINES 
NEAR 
WASAGA BEACH - ONTARIO 


SCALE - MILES 
2 


Ficure 3—Map of shorelines near Wasaga Beach 
This area is located in the south-central part of Figure 1. 


those farther north, their elevations, and the intervals between them, agree 
surprisingly with the water-planes projected southward from Penetang. 
Continuous measurement along the Cedar Point shoreline near Langman 
Corners served further to bear out the accuracy of the correlations, as 
did, also, the peculiar relations of the nearby Payette beach. Critical 
facts derived from the profile (Fig. 2) have been arranged in Table 3. 
The figures are highly significant, but it should be remembered that the 
slopes of the various water-planes cannot accurately be determined to 
hundredths of a foot. 

The tilt of the Nipissing plane, 0.42 foot per mile in the Penetang area, 
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is just slightly less than that found by Goldthwait, over Bruce peninsula, 
though the difference is a small matter. 


TaBLeE 3.—Critical facts concerning water-planes near Penetang as indicated by profile 
from Wasaga Beach to Giant’s Tomb Island * 


(Figures taken from Figure 2; length of profile, 24 miles.) 


Slope Rise Elevation of ||Distanceofplane}/ Intervals be- Convergence 
of of Water-Plane || below Highest || tween Succes- || of Successive 
Water-|| Plane (feet) Algonquin (feet)|| sive Water- Water-Planes 
Water-Plane Plane |} in 24 Planes (feet) per mile 
per miles (feet) 
mile (feet) 
(feet) South | North || South | North || South | North 
Algonquin 3.38 81 794 875 0 0 
? 90 
Wyebridge not determined ? 785 ? 90 0.38 
? 37 
Penetang 3.00 72 676 748 118 127 
21 24 0.125 
Cedar Point 2.875]| 69 655 | 724 139 152 
35 38 0.125 
Payette 2.75 66 620 686 174 188 
(-—10) 46 2.33 
sub- 
merged 
Nipissing 0.42 10 630 640 164 235 
50 60 0.42 
Lake Huron(580) 0 0 580 580 214 295 


* The elevation (794 and 875) of the (highest) Algonquin plane in this table are based on inter- 
polation from velues obtained by Goldthwait. Whereas the figures must be substantially correct, 
further field work might eventually prove them in error by 5 feet or so. Accordingly, all figures in 
the fifth and sixth columns, as well as others, would be subject to alteration. 


HISTORY OF THE WASAGA BEACH VICINITY 


The unique condition among the old shorelines near Wasaga Beach 
(Fig. 3), due partly to the general flatness of the region, is shown by 
diagram in Figure 4, and is to be explained by the sequence of events, 
as follows: 


(1) After the formation of the highest Algonquin beach, the lake with- 
drew and eventually formed the Penetang beach (678 at Palmer’s). 

(2) The lake again withdrew to a lower level and formed the Cedar 
Point beach (656-660 near Langman). 

(3) Further lowering in lake level resulted in formation of the Payette 
beach at Livingston’s (624). 

The water-planes of these three beaches show general parallel'szm. The 
lowerings of lake level were presumably due to ice recession and shifting 
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outlet much farther north, with extremely slight tilting occurring mean- 
while. 

(4) The lake receded again to a still lower level and probably formed 
another beach, of which there is no record. This may have been repeated 
many times, for a long period ensued, during which a remarkable amount 
of tilting took place. The last, and lowest, outlet to be opened was the 
one at North Bay, which led to the sea through the Mattawa Valley. 

(5) Continued tilting slowly raised the North Bay outlet forcing the 
lake level gradually higher until the former Port Huron outlet was re- 
opened. Until then, therefore, the lake was encroaching on the shores 
everywhere to the south of North Bay. Due to the flatness of land near 
Wasaga Beach, however, the advance of the surf could not keep pace 
with the rise in level. The waves built an embankment (the Nipissing 
barrier) along the shore and reared it steadily higher as the water level 
rose, while behind the embankment the land was flooded to form a broad, 
sheltered lagoon. In the quiet waters of this lagoon, the Payette beach 
at Livingston’s was well protected. Instead of being destroyed by waves, 
as was the case immediately to the north, it was submerged and coated 
with a thick layer of marl (Pl. 4). The lagoon covered a few square 
miles and made its own little beach line (630) and ice rampart (634), 
while the Payette beach (624) was submerged some 6 or 7 feet beneath 
the lagoon’s surface. Thus the history of the beach at Livingston’s is 
unique. This physiographic interpretation confirms a conclusion that has 
become increasingly evident, that the lower Algonquin beaches pass be- 
neath the Nipissing. It is to be hoped that this beach will not be wholly 
destroyed for its gravel. 

(6) Further uplift of the North Bay outlet and tilting of the Nipissing 
beach brought the lakes to their present level. During the tilting, dunes 
were built along the Nipissing barrier at Wasaga. 

No doubt the beach at Livingston’s would not have been preserved be- 
yond Nipissing time had the land sloped more steeply here, as it did near 
Penetang, or had the rise in level (until the Nipissing) continued farther, 
in which case the barrier would probably have migrated back, and over, 
the Payette beach. 

As an alternate interpretation, the Livingston beach (624) might con- 
ceivably have been formed toward the end of the rise in lake level, already 
referred to, and Nipissing beach proper (632) might have been constructed 
as a bar soon after. This view is not necessarily supported by the fact 
that a great deal of erosion and cliff recession took place during Nipissing 
time, for miles north of New Wasaga Beach, and that much of the eroded 
material was probably swept southward and incorporated into the great 
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Nipissing barrier 
at Wasaga. The 
fact that the 
Nipissing shore- 
line has a very 
different trend 
(south-south- 
west) from all 
the lower Algon- 
quin beaches 
(southeast) here 
is an objection 
to such a hy- 
pothesis (Fig. 3), 
as is, also, the 
contrast between 
the single Liv- 
ingston beach 
and the Nipis- 
sing barrier with 
its multitude of 
ridges and great 
mass of mate- 
rial. But the co- 
incidence of the 
Livingston 
beach with the 
Payette water- 
plane, projected 
evenly with the 
Cedar Point and 
the Penetang 
planes from the 
region to the 
north, leaves lit- 
tle doubt that 
the beachis 
lower Algonquin 
in age, and was 
formed in the 
manner outlined. 
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1954 G. M. STANLEY—ALGONQUIN BEACHES OF PENETANGUISHENE 


GREAT LAKES HISTORY 
REVIEW OF ALGONQUIN AND NIPISSING EVENTS 


The lake history from Algonquin time to the present as given by Leverett 
and Taylor ® is briefly summarized. Perhaps, a theoretical, early Lake 
Algonquin existed in the southern part of Lake Huron, with outflow at 
Port Huron, before the ice had retreated far to the north, but no beaches 
relating to it have been found. Recession of the ice border opened up an 
outlet (Kirkfield) through the Trent Valley and lowered the lake by an 
unknown amount. Northeasterly uptilting raised this outlet until out- 
flow began at Port Huron (and Chicago, for a briefer interval). At this 
time, the Algonquin (highest Algonquin) beach was formed. Continua- 
tion of uplift caused the Trent overflow to cease and resulted in most of 
the great deformation of the Algonquin beach, while discharge took place 
at Port Huron. Meanwhile, the lower- Algonquin beaches (Battlefield 
and Fort Brady) were formed. Ice recession from the Mattawa Valley 
opened a new outlet (North Bay) to the Ottawa Valley, and the lake 
was drained to a level perhaps 50 or 75 feet below the pass at Port Huron. 
Further tilting raised North Bay until outflow was again diverted to 
Port Huron, at which time the Nipissing beach was formed. Since that 
time, uplift has continued slowly, raising the Mattawa outlet more than 
100 feet higher than lake level, but the drainage course has not changed. 


BATTLEFIELD AND FORT BRADY BEACHES 


Leverett and Taylor* and Goldthwait*® have described certain lower 
Algonquin beaches in the Mackinac Straits region, the Battlefield and the 
Fort Brady. The type Battlefield beach is a marked, gravelly ridge in 
northern Mackinac Island; the correlative water-plane was believed to 
slope at about 1.8 feet per mile over the surrounding area in the Lake 
Michigan Basin. Over the same region, the Fort Brady water-plane 
was supposed to slope about 1.2 feet per mile, being vaguely correlated 
with the type form, a cut bench at Sault Ste. Marie. Both these beaches 
show decided convergence with the Algonquin plane (slope about 3.4 
feet per mile) in the same area; in other words, they had presumably 
been tilted only about half as much, or even less. The Battlefield and 
the Fort Brady planes were believed to continue their marked converg- 
ing relations with both the Algonquin and the Nipissing planes south- 
ward toward the hinge-line, and, accordingly, they would represent 
periodic pauses in the uplifting movement. These interpretations seem 


8 Frank Leverett and F. B. Taylor: The Pleistocene of Indiana and Michigan, and the history 
of the Great Lakes, U. 8. Geol. Surv., Mon. 53 (1915) p. 409-469. 

4 Op. cit., p .429-438. 

5J. W. Goldthwait: A reconstruction of water-planes of the extinct glacial lakes in the Michigan 
Basin, Jour. Geol., vol. 16 (1908) p. 470-476. 
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Ficure 1. ON-SHORE VIEW 
Looking northwest at the bold gravel ridge (683) south of Saw Log Bay, which stands 
12 feet higher than the hayfield in the foreground. Rodman on the beach in left distance. 


Ficure 2. Rear 
Showing the same feature from the west, and the lagoon, 6 feet below the bar, 
occupied by cows. 
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Ficure 1. BEACH GRAVELS BENEATH NIPISSING MARL 
Payette Shoreline (624) on road from Wasaga Beach to Elmvale. 


Figure 2. CLose-up oF Figure 1 
Beach gravels dip to the southeast. Marl is more than a foot thick. 


MARL-COVERED PAYETTE BEACH 
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GREAT LAKES HISTORY 1955 
difficult, if not impossible, to harmonize with the findings in the Georgian 
Bay region here presented.® It would seem best, at least for the present, 
to suspend use of the terms “Battlefield” and “Fort Brady.” 


STUDIES IN OTHER AREAS 


Considerable study of a lower Algonquin shoreline (here called Minong), 
which is well displayed over a wide area on Isle Royale and the neigh- 
boring shores of Lake Superior, has shown that it tilts at a much greater 
rate (2.6 feet per mile) than was to be expected for so young a stage. 
Its water-plane descends southwestward, toward the Nipissing, so rapidly 
that it appears to pass beneath it, although such a relationship was 
not actually observed. Thus, the question arose as to whether the Fort 
Brady beach, at least as old as the Minong, could slope only 1.2 feet per 
mile and remain above the Nipissing all the way to Port Huron. 

Studies on Bruce (Saugeen) peninsula strongly indicate a tilt of about 
3 feet per mile for the lowest of the lower Algonquin beaches there, but 
further measurements are needed to determine the precise slope. 

Investigation of the Mackinac Straits area, just previous to the work 
near Penetang, yielded poor results. It seemed from the writer’s data, 
however, that a slope of nearly 3 feet per mile characterized the lower 
Algonquin beaches there better than do the Battlefield (1.8) and Fort 
Brady (1.2) correlations. It is uncertain just how the lower Algonquin 
beaches of the Mackinac region fit in with those near Penetang. 

On theoretical grounds, all the Algonquin planes here discussed should 
be separated by similar intervals wherever the total amount of Algonquin 
deformation is equal, provided that tilting between Algonquin and Nipis- 
sing times proceeded always in the same direction. For instance, on 
Mackinac Island there should be a shoreline about 90 feet lower than 
the highest Algonquin (809-812) in order to correlate with the Wyebridge 
shoreline in the Penetang area (which is 90 feet below the Algonquin in 
that region). The type Battlefield beach (719) on Mackinac Island 
fulfills this requirement exactly. 

The counterparts of the Penetang and the Cedar Point beaches might 
similarly be expected near Mackinac at 682 feet and 662 feet, respectively. 
The group of so-called “Fort Brady” beaches at Mackinac and St. Ignace 
are at approximately these elevations, but they also cover the whole 
interval between. 


®Dr. Leverett offered the suggestion, in personal conference, that, possibly, tilting began earlier in 
the Lake Michigan Basin than it did in Georgian Bay, for the ice vacated it earlier. It is the 
writer’s belief that the divergence between the two views is too great, however, to be reconciled 
in this manner. 
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LATE ALGONQUIN HISTORY REVISED 

Considerable effort has been expended to discover the true attitude of 
the lower Algonquin water-planes. It is now quite clear that they have 
been tilted nearly as much as have the highest Algonquin, and are crossed 
by the Nipissing, thus necessitating a change in the interpretation of 
late Algonquin events. 

Lake Algonquin was not spilled out southward by a great, spasmodic 
uplifting movement, but, after the episode of Port Huron discharge and 
the construction of the Algonquin beach, it was drained to successively 
lower levels by the opening of new outlets. Ice recession over the high- 
lands east of Georgian Bay must have made the necessary passages avail- 
able as suggested by Taylor. Until the Payette stage, there were at least 
four such drops in level, intermittent between the lower Algonquin stages, 
which, altogether, lowered the lake more than 200 feet below the Algon- 
quin beach. Lowering occurred at least once again and probably several 
times. Whether the Minong stage in Lake Superior is the equivalent 
of the Payette stage or whether it is a much later one and represents an 
additional drop in lake level is not yet certain. Discharge past North 
Bay and down the Mattawa ultimately brought an end to these events. 

Although some slight tilting accompanied these changes in level, the 
greater part of the remarkable deformation of the Algonquin beach was 
accomplished after Payette time. It may even have been antedated by 
the original Nipissing stage or by the first use of North Bay-Mattawa 
as an outlei. This uplift need not have been accelerated periodically, 
as Taylor’ has pointed out, inasmuch as the separation of the lower 
Algonquin beaches is due essentially to drainage rather than to uplift. 
Also, judging from present findings and the nearly parallel relationship 
between the Penetang and the Algonquin water-planes, the northward 
“splitting” of the upper group of Algonquin beaches * would appear to 
be overestimated. 

The tilt of 3 feet per mile of one of the later beaches found by Johns- 
ton,® just west of Ottawa, seemed surprisingly steep to the discoverer and 
also to Antevs,’° who considered it a local anomaly. The steepness of tilt 


7 Frank Leverett and F. B. Taylor: op. cit., p. 507. 
8 Op. cit., p. 415-416, 430. 
Frank Leverett: Outline of the history of the Great Lakes, Mich. Acad. Sci., 12th Ann. Rept. 
(1910) p. 37 
J. W. Goldthwait: The abandoned shorelines of eastern Wisconsin, Wisc. Geol. and Nat. Hist. 
Surv., Bull. 17, 5th ser. (1907) p. 107, pl. 37. 
®W. A. Johnston: Late Pleistocene oscillations of sea-level in the Ottawa Valley, Geol. Surv. 
Canada, Mus. Bull. 24 (1916) p. 9. 
1° Ernst Antevs: Recession of the last ice-sheet in eastern Canada, Geol. Surv. Canada, Mem. 146 
(1925) p. 74. 
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of the lower Algonquin 
beaches in the upper 
Great Lakes was equally 
unexpected. 


LOW WATER OF LATE 
ALGONQUIN TIMES 


Both the observed and 
the postulated crossings 
of the Nipissing beach 
by the lower Algonquin 
water-planes are _ illus- 
trated in Figure 5. At 
the north end of this pro- 
file, the water - planes 
shown in Figure 2 have 
been plotted. To the 
south they have been 
extended by theoretical 
dashed lines. Inasmuch 
as the Payette plane con- 
verges only 0.37 foot per 
mile with the Algonquin 
in the Penetang area, it 
must be as nearly paral- 
lel all the way to its 
southernmost extent. 
Actually, the parallelism 
might be expected to in- 
crease, because of the 
diminishing slope of the 
Algonquin beach. This 
conclusion is almost un- 
avoidable, for the Algon- 
quin beach must have 
experienced all deforma- 
tions that affected the 
later beaches, and the at- 
titude of the Algonquin 
plane over this district 
is well established. The 
Payette water-plane lies, 
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accordingly, about 115 feet below Lake Huron, near Grand Bend, and, 
therefore, close to the bottom of the lake. Presumably, the shore must 
have been about 20 miles distant from Port Huron during Payette time. 
Physiographic evidence of these low stages will sometime perhaps be 
found. 

The lake must have been still lower at subsequent stages and perhaps 
reached a minimum level at the inception of Mattawa discharge. It 
remains an important point to discover just how far below the Algonquin 
plane the lake level stood at that time. At North Bay, it may have been 
some 600 feet below the Algonquin plane, or nearly at sea level. Further 
study of the highest shorelines at North Bay and the tilt of the lowest 
Algonquin beaches may furnish a solution of this matter. 


CONCLUSIONS 


(1) At least four distinctly separated lower Algonquin beaches, be- 
tween the Algonquin and the Nipissing shorelines, can be distinguished 
in the Penetang area. They have been appropriately named. 

(2) The water-planes of these beaches lie essentially parallel to the 
Algonquin plane, and all of them must pass southward beneath the 
Nipissing. Unusual physiographic evidence of this fact is available. 

(3) Lake Algonquin was drained not by uplift, but, undoubtedly, by 
the opening of successively lower outlets to the northeast, each of the 
lower Algonquin beaches would seem to be associated with one of these 
outlet stages. : 

(4) The great uplifting movement that deformed the Algonquin beach 
was not necessarily rapid. It was delayed until Lake Algonquin had been 
lowered some 200 feet by drainage, and perhaps until the North Bay 
outlet became active. 

(5) If the last is true, the lake may have been drained almost to sea 
level. At any rate, it stood for a time at least 115 feet below present 
lake level in the southern portion of the Huron basin, and then was 
further lowered. 
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1962 G. W. BAIN—SERPENTINIZATION OF VERMONT ULTRABASICS 


INTRODUCTION 
THE QUESTION 


Ultrabasic intrusives have been problem rocks for many years, but, 
of late, interest has centered around the later changes that have taken 
place in these rock masses. The chief item is the autometamorphic or 
exometamorphic origin of the serpentine derived from them; in other 
words, the question is, did the solutions producing change come from out- 
side the masses themselves or were they indigenous to the original 
magmas? 


CONDITIONS OF INVESTIGATION 


The Vermont ultrabasics are a series, exposed under conditions pecu- 
liarly favorable for study.1 Some of the best exposures are in verde 
antique marble quarries, where structural detail of the stone shows to 
advantage on the walls. Mapping of practically all similar intrusives, 
in a belt extending from the asbestos district of Quebec southward into 
Massachusetts, has been done on an extremely detailed scale, and surface 
exploration was supplemented by diamond drilling on many of the ser- 
pentine bodies. Cores were polished to bring out the color and structure 
of the stone. 

Stone from the quarries is polished before installation, the polished 
slabs bringing out the structural detail on a large scale much better than 
most other methods; thousands of square feet of these polished slabs 
have been examined in the course of this study of the changes that pro- 
duced the serpentine in Vermont. 

The ultrabasic masses have been steatitized locally, and some part of 
most masses contains a high percentage of this mineral. Talc mines and 
tale exploration work have exposed the structure bordering many of these 


bodies. 
GENERAL BACKGROUND 
PREVIOUS STUDIES OF SERPENTINIZATION 
r : ‘ A summary of the conclusions of workers in this, and other, regions 


indicates that serpentinization is not to be accounted for by any one cause 
or by any single sequence of change. In fact, many diverse causes seem 
probable. The Vermont belt of serpentines is the only one considered 
in this paper, which is presented as a contribution to the general prob- 
lem. No attempt is made to reconcile observations in this belt with 
those made elsewhere in Canada, in the Appalachians, in Sweden, or in 


1E. C. Jacobs: Talc and talc deposits of Vermont, Vt. State Geol., 9th Rept. (1914) p. 382-429; 
Tale and serpentine deposits of Vermont, Vt. State Geol., Rept. 10 (1916) p. 232-280. 
Edward Wigglesworth: The serpentines of Vermont, Boston Soc. Nat. Hist., Pr., vol. 35 (1915) 
p. 95-107; The serpentines of Vermont, Vt. State Geol., 10th Rept. (1916) p. 281-292. 


| 
H 
i 
i 
4 
J 
a 
if 
: 
gi 
q 


PREVIOUS STUDIES OF SERPENTINIZATION 1963 


the Urals, but a résumé of the literature follows, to enable the reader to 
compare Vermont serpentines with those studied elsewhere. 

Benson,” after considering the then-known serpentine masses of the 
world, concluded that: 


The antigorite-serpentine of which they are composed is an alteration product 
of an originally intrusive peridotite, often more or less pyroxenic, and that in some 
cases at least the hydration was brought about by the agency of waters emanating 
from the same magma that produced the peridotite, though not generally until a 
considerable amount of further differentiation has taken place. The change was, 
however, completed by the end of the one orogenic period of vulcanicity. . . . Very 
frequently the hydration and carbonation has caused the development of concentric 
zones about the ultrabasic mass; in such cases the outermost is tale and carbonates, 
the inner is serpentine and the center anhydrous dunite. . . This, however, is 
perhaps the explanation only in those cases if any in which the hydration can be 
referred definitely to the action of waters actually proceeding from the ultrabasic 
magma. 


Graham * studied the Black Lake-Thetford serpentine district in Que- 
bec and is in general accord with Dresser. He states that: 


Dresser concludes that the magma from which the peridotite separated, underwent 
progressive differentiation until the last acid fraction had the composition of a 
granite, and he believes it is highly probable that the granite dykes are the visible 
expression of this final differentiate. . . . Direct evidence that the granitic injec- 
tions were accompanied by hydrothermal waters . . . is supplied by certain dykes 
of vesuvianite, grossular garnet and diopside cutting the serpentine. ... The 
highly siliceous mother liquors not required for the formation of the granite and 
lime-silicate dykes were also capable of . . . insinuating themselves into the nar- 
rowest crevices and bringing about the alteration of ‘}e rock on either side to ser- 
pentine. 


Cooke * accounts for the origin of certain lowlands underlain by ser- 
pentine in the Thetford district as follows: 


The serpentine bands have a fault at the center in so many instances that it is 
difficult to avoid the conclusion that the serpentine forming solutions must have 
entered along this fissure. 


Cairnes ° concluded from his study of the Coquihalla serpentine belt 
that: 
Surface alteration is mostly confined to a thin veneer which is commonly lighter 


colored. .. . More extensive alterations of the serpentine have resulted from its 
deformation and subsequent invasion by juvenile and meteoric solutions. 


2W. N. Benson: The origin of serpentine, Am. Jour. Sci., 4th ser., vol. 46 (1918) p. 727-728. See 
also p. 693-731. 

8R. P. D. Graham: Serpentine and chrysotile asbestos, Econ. Geol., vol. 12 (1917) p. 154-202. 

4H. C. Cooke: Thetford and Disraeli quadrangles, Quebec, Geol. Surv. Canada, Summ. Rept., 
1933, pt. D (1933) p. 134. 

5C. E. Cairnes: The serpentine belt of Coquihalla region, Yale District, British Columbia, Geol. 
Surv. Canada, Summ. Rept., 1929, pt. A (1930) p. 179-180. 
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Foslie,* after a study of the ultrabasic at Ofoten, Norway, states that: 


The whole process must have developed after the main period of ocrogenetic 
folding, and this is especially true of the vein formation. 


Du Rietz,’ after an exceedingly thorough and careful study of the 
nearby serpentines in Sweden, concluded: 


All accumulated facts (e.g., that the smaller bodies are more serpentinized than 
the larger, the borders more transformed than the centers, the general serpentiniza- 
tion increased towards the phyllitic regions with the exception of transformations 
produced near pegmatite intrusions) indicate that the serpentinizing waters were not 
produced by a dunitic magma out of which the rocks themselves crystallized, but 
that the solutions effecting the transformation came from outside sources. 


Arshinov and Merenkov * examined the Krasnouralsky serpentine and 
reported the evidence to indicate that: 


The serpentines of this region have been derived from saxonites, under simple 
influence of water during the late magmatic (deuteric) process. 


Hess ® concludes, from study chiefly of the ultrabasics of the folded 
belt of the Appalachians, that: 


The serpentinization is an autometamorphic reaction, because (1) its distribution 
rarely shows a relation to the borders of the ultrabasic in strong contrast to the 
steatitization type of alteration; (2. field evidence indicates that it occurs during 
the same cycle of igneous activity as the intrusion of the ultrabasic itself; (3) it 
always definitely precedes steatitization. Furthermore, the even distribution of 
serpentinization in many ultrabasics indicates that it was not only autometamorphic 
but largely deuteric in the most restricted sense. Cores of olivine uniformly dis- 
tributed, and about equally corroded, are commonly found in partially serpentinized 
ultrabasics. This points toward the attack of the olivine grains by a residual liquid 
present in the interstices between the grains rather than attack by solutions concen- 
trated in more widely spaced fissures or channel ways. 


These important contributions to the literature on the origin of serpen- 
tine indicate four modern schools of thought. First, Benson, Arshinov 
and Merenkov, and Hess would invoke the process of autometamor- 
phism—alteration by a late stage portion of the ultrabasic magma while 
it is in the process of crystallization. Second, Graham and Dresser 
would attribute the change to attack of a granitic differentiation extract of 
the original ultrabasic, after crystallization of the olivine. Third, 
Cairnes and Cooke would interpose a period of tectonic movement between 
crystallization of the ‘ultrabasic and serpentinization, but they refrain 


*S. Foslie: On antigorite serpentines from Ofoten, Norsk. Geol. Tidsskr., vol. 12 (1931) p. 219-245. 

™Torsten du Rietz: Peridotites, serpentines, and soapstones of northern Sweden, Geol. Foren. 
Stockholm, Férh. no. 401, Bd. 57, H. 2 (1935) p. 255. 

8V. Arshinov and B. Merenkov: Petrology of chrysotile asbestos deposits of the Krasnouralsky 
asbestos mine in the Ural Mountains, Inst. Econ. Mineral. U. S. S. R., Tr., no. 45 (1930) p. 81. 

*H. H. Hess: The problem of serpentinization, Econ. Geol., vol. 28 (1933) p. 652. 
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Ficure 1. RHoOMB FORMS IN SHEAR ZONES THROUGH TROY-WESTFIELD LENS 
Shows sheared condition of the edge of the ridge marked by the arrow in text 
Figure 2. 


Figure 2. FRACTURING AND INCIPIENT SERPENTINIZATION OF ULTRABASIC 
BESIDE Hazen Roap 
Serpentine (dark parts) and unchanged olivine (light parts). Note joint pattern 
distribution of the serpentine. 


MAJOR STRUCTURAL TYPES IN ULTRABASICS 
OF NORTHERN VERMONT 
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Figure 1. INTENSE FRACTURING OF OLIVINE AND ALTERATION TO 
ANTIGORITE ALONG ALL EXCEPT THE FINEST FRACTURE PATTERN 
Photomicrograph, ordinary light. Olivine (high relief) separated into a 
series of rectangular areas with jagged borders by bands of antigorite 
bordering a fracture.system. Spinels (black) in areas with abundant anti- 
gorite (low relief). Detail for the central part in Figure 2. 


FiGure 2. BLADED FORM OF ANTIGORITE 
Photomicrograph, ordinary light, showing habit of the mineral. Forms 
chiefly along lines of the fracture pattern and penetrates the olivine to 
make a firm bond with it. Some antigorite inside the olivine or along 

submicroscopic cracks in it. (Compare with Plate 4.) 
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PREVIOUS STUDIES OF SERPENTINIZATION 1965 


from ascribing an origin to the solutions causing the change. Fourth, 
Foslie and Du Rietz seemingly concur with Cairnes and Cooke but deny 
any relationship between the original ultrabasic magma and the solu- 
tions causing the change. 

GEOGRAPHIC SETTING 


The Vermont serpentine belt extends from the Canadian border south- 
ward into Massachusetts; it lies about 20 miles east of the Green Moun- 
tain front throughout its length (Fig. 1). The belt is narrow and re- 
markably straight; few outliers are known, but at least two have been 
mapped. One outlier is at Roxbury, 5 miles east of the general zone. 
The second outlier, at Chester and Cavendish, is 5 to 10 miles east of the 
general line of ultrabasics. The location of individual masses is indi- 
cated as accurately as possible on the general map (Fig. 1), but it must 
be realized that, on the scale of this drawing, small bodies cannot be 
shown in their true proportions. Distribution is shown in greater detail 
for parts of certain essential districts, such as Roxbury, Windham, and 
the Missisquoi Valley; areal extent of these more detailed parts are indi- 
cated on the general map. 

GEOLOGIC SETTING 


Throughout most of its length the ultrabasic zone is associated with 
chlorite schists; only a few masses are nearby in quartz mica schist. 
The primary character of the schist is masked at most places, but in- 
herited structures in Roxbury, Vermont, and Plainfield, Massachusetts, 
indicate that the formation was a volcanic tuff. Some ultrabasics are 
in amphibolite, containing saussuritized feldspar, arranged in a crude flow 
pattern; this suggests that some of the amphibolites were volcanic flows. 
The formation is continuous with the Chester amphibolite in Massachu- 
setts, and Emerson *° indicated that the northern extension of this rock 
was volcanic in origin. 

The chlorite schist, amphibolite, and ultrabasics are bordered by mica 
schist and slate throughout most of Vermont north of the White River. 
The exact age of these rocks is uncertain, but no definite break can be 
recognized between the mica schists and the Mendon series of pre-Cam- 
brian age.’' The slates do not contact the ultrabasics but are within 
a short distance of the belt at Lowell, at Northfield, and at Marlboro. 
Ordovician graptolites have been reported '* from these beds. Doubt ** 
has been cast upon the authenticity of the fossils, because they are seri- 


10 B. K. Emerson: Geology of Massachusetts and Rhode Island, U. S. Geol. Surv., Bull. 597 (1917) 
p. 42. 

18. B. Keith and G. W. Bain: Chrysotile asbestos, Econ. Geol., vol. 28 (1932) p. 174. 

12C. H. Richardson: The Ordovician terranes of central Vermont, Vt. State Geol., 11th Rept. (1919) 
p. 49-51. 

13E. J. Foyles: Compressed mica resembling graptolites, Vt. State Geol., 17th Rept. (1930) p. 252. 
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Ficure 1—Distribution of ultrabasic masses in Vermont 
Insert maps show detailed distribution of some of the small 
grouped ultrabasics. One small mass at Warren and another 

northwest of Johnson are not shown. 
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citic rather than car- 
bonaceous. Billings 
has found unquestioned 
fossils preserved in 
even more unusual 
mineral matter. 

Schists and slates are 
injected with granite 
and, beyond the Cana- 
dian border and in most 
sections south of Cav- 
endish, have been con- 
verted in part to gneiss. 
Even the ultrabasics 
have been granitized 
on Trowsers Lake, 
north of the border,'® 
at Troy, and at Weath- 
ersfield, near Chester in 
Vermont. The exten- 
sive development of 
granite and gneiss in 
these two parts of the 
serpentine belt is re- 
flected in important 
changes in the ultra- 
basics themselves; they 
are changed com- 
pletely, rather than 
partially, as elsewhere, 
and the tale alteration 
is usually much more 
extensive. 


THE ULTRABASIC 
COMPOSITION 


The original mineral 
assemblage in the rocks 


4M. P. Billings and A. B. 
Cleaves: Brachiopods from mica 
schist, Mt. Clough, N. H., Am. 
Jour. Sci., 5th ser., vol. 30 (1935) 
p. 534. 

1G. W. Bain: Chrysotile as- 
bestos, Econ. Geol., vol. 27 (1932) 
p. 288-290. 
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COMPOSITION 1967 


is obscured where the change is almost complete at Moretown and is lost 
altogether in the Roxbury-Rochester section, where major rock structures, 
rather than mineral features, are the only preserved characteristics. How- 
ever, remnants of the mineral structures are visible in practically all of the 
masses in the Missisquoi Valley, at Moretown, at Cavendish, and at Dover. 
The dominant rock type, in places where enough material remains to enable 
one to identify the original mineral composition, is a saxonite, approxi- 
mately a dunite. Polished slabs from Rochester and Moretown intru- 
sives show ghosts of mineral outlines, suggesting monoclinic pyroxene; 
these masses may be peridotites. The Westfield (Massachusetts) intru- 
sive possesses structures indicating former pyroxenite or hornblendite. 


SURFACE FEATURES 


The ultrabasics have resisted erosion more effectively than have the 
surrounding schists in all exposures more than 200 feet wide. They are 
bordered by abrupt cliffs throughout most of the Missisquoi Valley, 
Cavendish, and Dover; they are conspicuous features of the landscape 
at Moretown, Windham, and Roxbury; and they stand slightly above 
the surrounding schists at Rochester and Stockbridge. Most ledges have 
weathered white to a depth of about half an inch, although a few out- 
crops of massive ultrabasics east of Troy and Westfield, Vermont, in 
Lowell, Cavendish, Dover, and Windham are red. One lenticular mass 
in Windham has massive, red-weathering knots of varying size, en- 
closed in a slightly schistose white-weathering matrix. 

Specimens broken from white-weathering ledges behave differently 
from those taken from the red-weathering ledges; the difference is well 
shown in two road-cuts, made in the two rock types. Fragments blasted 
out in 1929, from a white-weathering ledge on the Hazen road, west of 
Lowell, have remained whole and fresh. Rock along a similar cut, 
blasted at about the same time through the red-weathering ledge at 
Dover, had crumbled to a red rubble by 1932. 


CLASSIFICATION OF SERPENTINIZED ULTRABASICS 


Differences in reaction to weathering agencies, and in major struc- 
ture, call for division of serpentinized ultrabasics of Vermont into two 
classifications. The white-weathering, weather-resistant variety is called 
the verde antique type, because exceedingly sound ledges are the source 
of the popular verde antique marble. The designation red-weathering 
type is suggested for the weather-weak variety, because of its charac- 
teristic appearance in ledges. Laboratory and detailed field investiga- 
tions show that this classification is not entirely arbitrary, but that verde 
antique serpentine, which is typical of serpentine in most Vermont ultra- 
basics, differs in internal structure, and possibly in origin, from the red- 
weathering variety, which is not common in that State. 
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SERPENTINIZATION OF THE ULTRABASICS 
GENERAL STATEMENT 


The verde antique type of serpentine is most abundant in Vermont, 
although the literature indicates that it is the unusual type elsewhere 
except for those localities described by du Rietz. The uncommon, red- 
weathering type at Dover seems to correspond closely to the autometa- 
morphic types described by Hess, Arshinov and Merenkov. One Wind- 
ham intrusive is a composite of knots of red-weathering rock in a verde 
antique type matrix. The petrography of this stone is given in detail 
because of its contribution to relative period or stage of formation of the 
two serpentine types. 

VERDE ANTIQUE TYPE SERPENTINE 


Limits of serpentinization—Examination of all detailed maps of verde 
antique type serpentine bodies, covering the ultrabasic zone in Vermont, 
shows that change of saxonite to serpentine is limited to simple shear 
zones or to &@ more complex coordinate fracture system, caused by applied 
external stress. Serpentinization is limited to the extent of these struc- 
tures of external origin, so that the distribution of these structures and 
the associated serpentinization becomes of primary importance in any 
study of the cause of serpentinization in this belt. 


Serpentinization along shear zones.—An elongated mass of yellowish- 
green saxonite extends from the Troy-Newport Road, southward to a 
point opposite Westfield. A series of major shear zones break this 
large mass into a number of smaller units (Fig. 2). Part of one of these 
major shear zones is completely serpentinized along numerous inter- 
lacing fractures. Movement has sheared the rock into rhomb-shaped 
pieces, which have moved extensively upon one another, along slip planes 
(Pl. 1, fig. 1). Far from these major shears, serpentinization is exceed- 
ingly erratic and incomplete, and one large mass of unsheared rock, at 
the south end of the intrusive, is massive blocky saxonite, containing 
less than 5 per cent serpentine. 

Another large saxonite body is in the hill northeast of Lowell. The 
east side of this mass is exceedingly massive and less than 50 per cent 
serpentinized; the only obvious serpentinization is along a series of 
chrysotile veins. The west side of this same intrusive has been closely 
sheeted along a major shear zone, which extends from end to end of the 
mass near its western contact. Every part of this shear zone has been 
altered completely to serpentine, the change extending only a short dis- 
tance beyond the margins of the shear zone. 


Serpentinization along fracture systems.—Serpentinization along a co- 
ordinate fracture system is shown remarkably well where an ultrabasic 
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crosses the old Hazen military road, about a mile west of Lowell (Fig. 
3). External stress, applied to the large saxonite mass, has produced a 
series of joints, intersecting at approximately 90 degrees, and has caused 
slippage of the fracture blocks upon one another (PI. 1, fig. 2). Slippage 
on the major co-ordinate joints has caused readjustment in the blocks, 
development of new points of maximum pressure, and a fresh more- 
localized set of weaker fractures. Readjustment ensued along these fis- 
sures, and serpentinization occurred adjacent to them. Co-ordinate frac- 


Ws Knobs of uasheared ar siighhly ‘Scale of 


sheared ultrabosie 


Ficure 2—Troy-Westfield ultrabasic 


Shows the distribution of ridge and valley country. The ridges are dominantly poorly serpentinized 
dunite and saxonite; the valleys are underlain by sheared and thoroughly serpentinized rock. Distribu- 
tion of talc-carbonate rock (grit-rock) is indicated. 


ture systems, of more limited continuity, greater profusion, and similar 
origin, are visible in decreasing size until individual cracks are less than 
0.1 millimeter apart. Each fracture set is at a slight angle to the pre- 
ceding larger system. Serpentinization borders all fractures in the 
saxonite along the Hazen Road except the most minor one, which break 
the rock into units, only 0.1 millimeter in cross-section. 

Bladed antigorite is the only serpentine mineral found. It occurs 
intermittently, as minute irregular crystals along the smallest fracture 
system. The next largest and next more general joint group have a con- 
tinuous vein of antigorite flakes, arranged approximately normal to the 
fissure walls. All larger and less local fracture groups have slip plates 
of antigorite bordered by a mat of antigorite flakes with irregular but 
sharp borders. Minute flakes of antigorite, lacking any preferred orien- 
tation, are scattered through the comparatively fresh olivine. Aggre- 
gate serpentinization amounts to 10 per cent, but all except 0.5 per cent 
of the serpentinization is limited to the borders of the fracture systems. 
The saxonite is a light yellow rock; the serpentine is dark green. 

The major fractures of the coordinate system increase in number and 
size as the outcrops of this mass are followed southward, toward the east 
branch of the Missisquoi River (Fig. 3). Aggregate serpentinization is 
40 to 50 per cent at a point about a mile south of the Hazen road. No 
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VERDE ANTIQUE TYPE SERPENTINE 1971 


new fracture systems, with bordering serpentine, were found. Increase 
in total serpentinization is due to the greater number of fractures, fol- 
lowing directions already established, within a given volume of rock; 
also, where fractures are more numerous, the width of the altered zone 
along each one is increased beyond the average (PI. 2). Slip plates of 
antigorite are found along all fractures except the smallest group, and 
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Elevated areas of massive antigorite 
Low areas of schistose antigorite 
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Ficure 4.—Lens-shaped ultrabastc near Moretown 


Shows the ridge and valley topography of the ultrabasic. The valleys are underlain by re- 
crystallized schistose serpentine; the ridges are massive brittle serpentine pseudomorphous after 


olivine and enstatite. 


the width of the serpentinized zones on both sides of the slip bands is 
much wider than at the Hazen Road section. Correlation of intensity 
of serpentinization with major fracturing strongly suggests influx of 
serpentinizing agents along those fractures. 

Grains of chromite and magnetite are found with serpentine along the 
fracture planes, and disseminated dust-like particles show in some olivine. 
Greater abundance and larger size of the grains in the serpentinized zones 
suggest that these metallic minerals are a by-produc. of the serpentiniza- 
tion and are not primary pyrogenetic minerals, such as olivine and 
pyroxene. 

A long lens-shaped serpentine outcrop is west of Moretown; the entire 
lens, which is almost a mile long and more than 500 feet wide, is traversed 
at about 50-foot intervals by a major interlacing fracture system (Fig. 
4). The pattern of this major system is shown on the detailed map 
(Fig. 4). Rock adjacent to the fracture zones is a tough, slightly schis- 
tose serpentine, lacking vestiges of the original grains and containing 
minute magnetite grains. Rock between the fractures is more massive, 
more brittle, and has dark, inherited outlines of pyroxene; the entire 
mass is serpentinized, but magnetite and chromite are almost entirely 
absent except in sheared sections. Microscopic examination of this 
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brittle serpentine shows both olivine and pyroxene grain-structure trav- 
ersed by intersecting fissure systems similar to those noted west of 
Lowell. Distances between fissures is about 0.1 millimeter. Antigorite 
adjacent to the cracks of larger systems has been recrystallized into 
flakes approximately parallel to the direction of slippage on the fracture 
planes. The smaller fracture systems have the flakes arranged irregu- 
larly or perpendicular to the fissure walls. Irregular antigorite flakes 
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Figure 5.—Ultrabasic mass in Waitsfield 


are rare in altered pyroxene but are more abundant in the serpentinized 
olivine than they are in the Lowell district. All pyroxene is changed 
to antigorite without development of the typical platy crystals; these 
seem to form only in olivine. Recrystallization is much less intense dis- 
tant from the main fractures, and changes along the main fractures 
might be described as serpentinization followed by recrystallization, 
whereas the change in the brittle intervening blocks is serpentinization 
only. 

The main Moretown mass is intruded by a series of small dunite dikes, 
at a slight angle to the strike of the fracture zones. These dikes have 
been serpentinized and offset by the shear zones so that the lens was 
sufficiently rigid to form walls for the dunite before the shear zones, 
which control distribution of serpentinization, came into existence. All 
intrusives of this lens are cut by camptonite dikes of the Monteregian 
series. 

A smaller mass lies south of the Moretown lens in Waitsfield and is 
fractured and serpentinized in a similar manner (Fig. 5). A central 
block, larger than the others, retains a few grains of olivine and pyroxene, 
indicating the character of the original rock. 


| 
| 
rt 

500 

-7 
€ 
é ‘ 

4 
Na. 
Sy 
Rs, 

| 
| 

— 

q 
1 
q 
q 


RED-WEATHERING TYPE SERPENTINE 1973 


RED-WEATHERING TYPE SERPENTINE 


An unusually large ultrabasic mass crops out in the vicinity of Dover, 
Vermont, and is well exposed in cross-section, by a stream gorge and 
road-cut along the river. The intrusive is unusually massive except for 
a primary horizontal-sheeted structure, such as forms in many ortho- 
tectic gneisses, attributed usually to flowage of a semi-crystallized 
magma (PI. 3, fig. 1). Serpentinization has occurred in all parts of the 
mass possessing this sheeted structure. This serpentine differs in almost 
every feature of behavior from that found in the verde antique serpen- 
tine types already described; it is red-weathering, whereas they assume 
a whitish surface upon exposure; this type crumbles and disintegrates to 
a rusty sand, whereas they form many of the most prominent elevations 
of the region. 

The olivine grains are broken by three general types of fractures (Pl. 
4). The few representatives of the one group noted belong to a co- 
ordinate system meeting the horizontal sheeted structure at about 45 de- 
grees. Antigorite is sparsely disseminated along these fractures. This 
system truncates the fractures of both the other groups. A second group 
of closely spaced fractures is approximately parallel to the sheeted struc- 
ture, and fissures are bordered by columnar serpentine; serpentinized 
bands on both sides are about 0.01 millimeter wide, and the intervening 
unserpentinized olivine is 0.05 millimeter wide. These fissures and this 
alteration are not found in verde antique type serpentine and are unlike 
the verde antique type in two important respects: first, no magnetite or 
chromite accompanies the serpentine in preference to olivine, although 
a few octohedrons of chromite are in the olivine itself and in the serpen- 
tine along the cracks, but their position indicates that they were ante- 
cedent to the serpentine; second, no antigorite or other serpentine min- 
erals is inside the olivine or beyond the serpentine bordering these frac- 
tures. The third group of fractures is an irregular short group, crossing 
between those of the second series and having associated serpentinization 
identical with that group. 

Individual serpentine fibres along fractures of the second and the third 
groups and the antigorite flakes along the co-ordinate system of the first 
group are in clear grains, up to 0.02 millimeter in length. Weathered 
specimens have a third mineral, which is rusty yellow and in immeasur- 
ably small grains with a higher index and higher birefringence than 
either the antigorite or the columnar serpentine. The writer believes 
that this third type is a weathering mineral and presents a problem en- 
tirely independent of the major changes in the ultrabasic. 

The antigorite is limited to the fracture systems along which some 
slippage has taken place, and development of this mineral would seem 
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to be related to changes accompanying the tectonic movements. How- 
ever, this antigorite formed subsequent to the columnar serpentine along 
fissures related to the platy structure in the ultrabasic. The origin of 
this early serpentine is problematical, and its distribution in Vermont 
too sparse to furnish suitable conditions for study. However, associa- 
tion of the serpentine alteration with structures that seem to be attribu- 
table to movements accompanying intrusion of the mass itself suggest 
that the change may be of autometamorphic type. This type is nearest 
that ascribed by Hess ** to “attack of the olivine grains by a residual 
liquid present in the interstices between the grains.” 


COMPOSITE TYPE SERPENTINES 

A lenticular mass of smaller size, near North Windham, contains both 
red-weathering serpentine and white-weathering verde antique serpen- 
tine, but the two types have distinctly different modes of occurrence. 
Numerous fracture zones cut the ultrabasic mass; the serpentine border- 
ing these fracture zones is the white-weathering variety. Large irregular 
masses of brittle red-weathering serpentinized rock are imbedded in the 
white type, along the border of the fracture zones. 

The white-weathering verde antique serpentine has all characteristics 
of its type but is slightly more schistose than the average,owing to an 
abnormal number of antigorite flakes arranged parallel to one another. 
The red-weathering knots are similar, in most respects, to the red-weather- 
ing rock at Dover and are less than 50 per cent serpentinized. The sym- 
metry plane of the tectonic shear planes limiting the knots is approxi- 
mately vertical, so that the knots are elongated slightly in a vertical direc- 
tion. Even the knots are traversed at intervals by the fractures of this 
tectonic system and have antigorite flakes along them; the antigorite 
zones are wider than in the Dover intrusive but are not wide enough to 
form an appreciable part of the rock. 

The olivine grains have a slight growth elongation and are arranged 
approximately parallel to this direction (PI. 5, fig. 1). The long axis of 
the grains is parallel to the long axis of the knots. A parallel system of 
veins of columnar serpentine cross the olivine grains in their short direc- 
tion. Irregular veins of similar origin cross between these parallel veins. 
The entire fracture pattern and the distribution of serpentinization along 
these fractures are similar to those of fracture groups two and three in the 
Dover intrusive. 

Two possible explanations of the change at this locality may be pre- 
sented. In the first, the entire intrusive may have been changed to red- 
weathering serpentine resembling that at Dover. Later fracturing under 
tectonic stress may have brought about recrystallization of serpentine 


16H. H. Hess: The problem of serpentinization, Econ. Geol., vol. 28 (1933) p. 653. 
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Figure 1. SHEETED STRUCTURE IN DOVER ULTRABASIC 

Sheeted structure shows in light and dark of serpentine veinlets in olivine. These 

are approximately horizontal and parallel to the elongation of olivine grains. 
Minor veinlets (Plate 4) are subnormal to this sheeted structure. 


Ficure 2. JOINT PATTERN OF VEINS IN WINDHAM VERDE ANTIQUE SERPENTINE 

White veins of carbonate in dark serpentine outline the fracture pattern in the 

rock. Movement on approximately vertical veins is downward on the right, and 

on the almost horizontal veins in the upper central part is to the left above and 

to the right below; this could be produced by pressure applied at the upper right 

and the lower left. Note slight angle between major, or broad, veins and minor, 
or narrow, ones. 


MAJOR STRUCTURAL TYPES IN ULTRABASICS OF 
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Ficure 1. OLIVINE TRAVERSED BY VEINLETS OF SERPENTINE 
Photomicrograph, ordinary light. Insert (upper left) shows relation 
of area to a larger section of the rock. Light band, cutting from 
upper right to lower left of insert, is antigorite transecting all 
serpentine veins shown in the main figure. Main figure shows linear 
vein series, parallel to sheeted structure, and elongation of oliv- 
ine grains. Note fracture elongation of chromite octohedron par- 
allel to this vein system. An irregular subparallel group of veins 
is cut at about 60 degrees and offset by the system. Detail of 

these intersecting serpentine veins is shown in Figure 2. 


Ficure 2. OLIVINE SERPENTINE CONTACTS 
Photomicrograph, ordinary light. Most numerous veinlets are a 
subparallel series of columnar serpentine zones in olivine, extend- 
ing from left to right. These are offset by parallel serpentine 
veins extending from the top to the bottom of the photograph. 
Early series shows no indication of movement of the rock as a unit; 
second series shows movement of all parts at the same time, sub- 
parallel to the elongation of olivine grains and the sheeted struc- 
ture. No boundaries can be observed between serpentine in these 
two sets of veins, although a sharp boundary exists between the 

serpentine and the antigorite. 
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to antigorite, along the tectonic fracture zones, and solutions moving 
along these later openings induced formation of antigorite along them 
and as isolated plates in the olivine. The second possibility is that anti- 
gorite is associated with serpentinization under tectonic stress and that 
the slightly broken nodules between the fractures have undergone change, 
owing to excessive serpentinizing solutions escaping from the fractured 
section. Evidence that the parallel fractures bordered by columnar ser- 
pentine are due to semi-crystalline flow as the magma was undergoing 
final crystallization, and the marked discordance between distribution 
of antigorite and of columnar serpentine in the same part of the rock, 
suggest that the first explanation is the only adequate one. 


ANGLE BETWEEN FRACTURES 


Serpentinization of the ultrabasics, to produce verde antique serpentine 
typical of most masses in Vermont, is controlled by the fracture systems 
penetrating them. Abundance of the smallest, or most local, system of 
fissures in large masses, such as that west of Lowell, is insufficient to 
permit solutions along these fractures to reach more than a small part 
of the total mass of the rock. A different condition exists in the smaller 
lenses in the vicinity of Roxbury and Rochester. The angle between the 
two sets of joints in the major fracture system at Moretown is approxi- 
mately 90 degrees, or the angle of shear in a rock of this type. This 
angle of shear probably remains the same for most of the ultrabasics, 
but the observation is that the angle between the highly serpentinized 
and recrystallized zones, or the veined zones in the serpentine marble, 
increases as the width of lenses decreases until it is 122% degrees, where 
Roxbury lens #2 has decreased in width to 45 feet. Slippage on the 
shear fractures of a system produces an aggregate elongation in a direc- 
tion approximately normal to the direction of applied pressure. Increase 
in the number of fracture systems is due to multiplication of smaller and 
more numerous small systems rather than increase in major systems 
(Pl. 3, fig. 2). Elongation of one diagonal of the rectangle between the 
original major fracture systems causes the form to become a parallelo- 
gram. In general, field evidence shows that large masses are less crushed 
than are small ones, which is expectable, but the evidence shows also that 
small lenses that start to crush are compressed even more than are the 
large ones; degree of compression is indicated by extent of elongation 
of the original rectangle between the major fractures—that is, the present 
angle between the two major fractures of the system. The relation be- 
tween width of lens and angle between joints of the major fracture system 
is reproduced in Table 1, in which note that fracture cleavage in Roxbury 
No. 5 corresponds to flow cleavage. The small Roxbury lenses are the 
most thoroughly serpentinized and recrystallized serpentines in Vermont; 
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the large Dover mass is the least altered. Destruction of original mineral 
structures is almost proportional to the increase in the angle between the 
fractures of the system, so that recrystallization, if not serpentinization 
itself, is influenced by the secondary fractures and the movements along 
them. 

Magmatic flow and tectonic flow are approximately vertical and parallel 
at North Windham; they might possibly be regarded as continuous into 


TaBLe 1—Relation of size of serpentine to fracture cleavage angle 


Serpentine Mass Inclination of Cleavages 
45 63° 15’ W. | 59°15’ E. | 122° 30’ 
60 73° W. 48° E. 121° 
ae 200 43° 15’ W. | 57° E. 100° 15’ 
400 45° W. 49° E. 94° 
850 Not measured 90° 


one another. But at Dover, the magmatic flow is horizontal, and the 

tectonic flow is vertical. The relationship between the two types of flow 

and the two sets of associated fractures seems to be totally unrelated in 

time or origin, and the types of serpentinization can be considered no more 

contemporaneous than are the fractures that control their distribution. 
SPINELS IN SERPENTINIZATION 

General statement.—The spinels, magnetite and chromite, are found in 
many Vermont serpentines. Some have aureoles of chlorite; others are 
without associated minerals. Chromite is the most common spinel, but 
magnetite is so abundant along some of the major fracture systems at 
Lowell and Moretown that a magnetic compass is useless. Carbonates 
are limited almost exclusively to the major fracture systems; sparse sid- 
erite and ferrodolomite are found separate from the major, or primary, 
joint system. 

Verde antique type serpentine.—In the course of this study, the first 
indication of abundant spinel was the magnetic deflection over the major 
fracture systems at Moretown. No serious deflection in stations on the 
brittle serpentine between the fracture zones indicates that, in a major 
sense, the mineral was confined largely to the fractured vections. This 
magnetic phenomena was observed also by Cooke, working in the Thet- 
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ford district... Many samples from shear zones in the Moretown lens 
contained so much magnetite that they could not be polished for marble; 
presence of excess magnetite had to be considered in the search for verde 
antique marble, and more attention was paid to it than might have been 
given under other circumstances. Chromite is found under similar cir- 
cumstances in the Troy and the Lowell localities. 

Microscopic examination of polished specimens and thin sections shows 
that, in the Vermont ultrabasics, more than eighty per cent of the opaque 
spinels are confined to the shear zones and that almost all megascopic 
grains are in parts of the rock characterized by parallel antigorite flakes. 
All grains are extremely irregular and appear to be aggregates rather 
than single crystals. Like the antigorite, both magnetite and chromite 
are found also in olivine, separated not only from antigorite zones but 
also from antigorite flakes. There is no more reason to believe that the 
isolated grains of opaque minerals differ in origin from those along the 
shear zones than there is reason to believe that the isolated antigorite is 
different from the main parts of it. This mode of occurrence of the spinels 
and chromite is the third type listed by Sampson."* 

Magnetite is found in the dunite as well as in the serpentinized rock 
on the hill northeast of Lowell and in the large irregular ultrabasic on 
Belvidere Mountain. This magnetite is surrounded by an aureole of 
chlorite; the chlorite aureole remains around the magnetite even where 
the olivine is changed to antigorite adjacent to chrysotile veins. Similar 
aureoles are reported by du Rietz.’® Other magnetite, without associated 
chlorite, is found in the antigorite but not in the unaltered dunite. If any 
magnetite is a direct product of magma crystallization, it is the magnetite 
surrounded by the chlorite aureoles, but the associated chlorite is a strong 
indicator of hydrothermal influences. 


Red-weathering type serpentine-——Euhedral chromite, surrounded by 
columnar serpentine rims, is common in the red-weathering ultrabasic 
at Dover and locally in the large lens at Moretown. The crystals are 
crossed by the serpentine veins of groups two and three and, therefore, 
on a structural basis, are as old as the olivine grains beyond the columnar 
serpentine rim. This is the type 1 chromite of Sampson. This chromite 
seems to have crystallized with the olivine and is a pyrogenetic mineral. 
No granular magnetite or chromite was found in this rock. i 

The north end of the Dover intrusive and the North Windham intrusive 
are composite rocks, with both verde antique serpentine and red-weather- j 


17H. C. Cooke: Thetford map area, Quebec, Geol. Surv. Canada, Summ. Rept., pt. D (1931) 
p. 11-12. 

18 Edward Sampson: Varieties of chromite deposits, Econ. Geol., vol. 26 (1931) p. 834. ' 

Torsten du Rietz: Peridotites, serpentines, and pst of northern Sweden, Geol. Foren. if 
Stockholm, Férh. no. 401, Bd. 57, H. 2 (1935) p. 250-251. q 
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ing serpentine. The north end of the Dover intrusive has dusty magne- 
tite; its only unusual feature is a pseudo-ophitic structure, with laths of 
antigorite simulating labradorite and magnetite corresponding to pyroxene. 
The North Windham mass has dusty magnetite along the zones of platy 
antigorite and in olivine partially changed to antigorite. The rock con- 
tains, also, euhedral chromite, as at Dover, but the columnar serpentine 
rim is absent, and granular magnetite encircles the chromite (PI. 5, fig. 2). 

This magnetite fills fractures through the chromite, fractures having 
the appearance of those occupied by columnar serpentine in the Dover 
intrusive. Many fractures in the euhedral chromite core do not extend 
outward through the magnetite rim. Clearly, the magnetite belongs 
to a later period than the columnar serpentine, which it replaces in the 
chromite. 

SUMMARY AND CONCLUSIONS 


Serpentinization of ultrabasics of Vermont is controlled by rock frac- 
tures, and all dating of serpentinization periods depends upon correct 
dating of rock fracturing. 

The earliest set of fractures in the ultrabasics are approximately trans- 
verse to the growth-elongated olivine grains in red-weathering serpen- 
tines. Alignment of the olivine crystals and development of accompany- 
ing sheeted structure are similar to that ascribed by petrologists to 
magma flow. The parallel transverse fractures are credited to stress 
during these final movements in the ultrabasics. Direction of olivine 
alignment and the transverse cracks varies from mass to mass; it is 
approximately horizontal at Dover and approximately vertical at North 
Windham. Serpentinization of the red-weathering types is limited to 
the walls of these fractures ascribed to magmatic flow; the zone of change 
about each olivine fragment is remarkably uniform in width, and dusty 
aggregates of magnetite and chromite are lacking. This uniform serpen- 
tinization fulfills all the requirements of an autometamorphic type, as 
specified by Benson and by Hess, and probably should be regarded as 
such. 

A later conjugate fracture system breaks across the foregoing parallel 
type. The symmetry axis of the major intersecting fractures is approxi- 
mately vertical. This fracture system disregards the magmatic flow 
direction and is in accord with the regional tectonic lines. Successive 
fracture systems of smaller dimensions have been developed inside pre- 
ceding major ones. Olivine and pyroxene have been altered to antig- 
orite along all fracture systems except the smallest one, and occasionally 
even there, but degree of alteration and width of the altered zone de- 
crease with decrease in magnitude of the fracture system. Some altera- 
tion of olivine to antigorite occurs without direct spatial relations to the 
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PARALLEL ELONGATED OLIVINE CRYSTALS TRAVERSED BY 
VEINLETS OF COLUMNAR SERPENTINE 

Polarized light, crossed nicols. Essentially parallel veinlets of columnar 

serpentine cross the olivine, parallel to its short direction; individual 

ones usually terminate at the crystal margins. Both alignment of olivine 

and fracturing of olivine are regarded as due to stresses of magmatic flow. 


Ficure 1. 


Ficure 2. FRACTURED CHROMITE SURROUNDED BY MAGNETITE RIM 
Continuous with magnetite associated with antigorite. Euhedral chromite 
core is similar to crystals found in relatively unchanged dunite. (See 
Plate 4, figure 1.) Surrounding granular magnetite is typical of spinels 
associated with the antigorite type of serpentinization. Fracture lines 

in the chromite are lacking in magnetite rim. 


RELATION OF SERPENTINIZATION MINERALS TO PYROGE- 
NETIC MINERALS IN ULTRABASICS OF SOUTHERN VERMONT 
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fractures. These antigorite zones and adjacent olivine contain much 
dusty chromite and magnetite, and euhedral magmatic chromite crystals 
are surrounded and veined by this later magnetite. This verde antique 
type of serpentinization occurred after complete crystallization of the 
ultrabasic, which behaved as a crystalline structural unit from wall to 
wall, and accompanied major tectonic movements. The result is due 
to regional forces and agencies, acting upon an original rock of unusual 
composition. This type of serpentinization lacks the first and second 
autometamorphic criteria of Hess and cannot be considered an auto- 
metamorphic change; it might be a deuteric change, in the broader view 
of Graham and Dresser, and the facts do not conflict with the conclusions 
of Foslie and du Rietz. 

The preceding types of serpentinization are deep-seated, and associated 
structures indicate no notable volume change. A third type, limited to 
the weathering zone, results in the production of a much finer-grained 
serpentine-like mineral and some limonite, and is accompanied by pro- 
nounced swelling of the rock, cracking, and disintegration. 

The writer holds no brief for any process of serpentinization except in- 
sofar as the serpentines of Vermont are concerned. The three types of 
serpentine are found in this State; some of the autometamorphic, or red- 
weathering, type precedes the tectonic, or verde antique, type in the same 
ultrabasic, and the meteoric type usually follows the autometamorphic 
type, where the verde antique variety does not intervene. By contrast, 
the verde antique, or tectonic, type of serpentinization, found at many 
places where autometamorphic, or red-weathering, serpentines have not 
formed, is never followed by meteoric serpentinization, and its exposures 
fail to show the swelled ard disintegrated surfaces that appear where the 
initial change is of the autometamorphic variety. 


Amuerst CoLiece, AMHerst, Mass. 
MANUSCRIPT RECEIVED BY THE Secrerary oF THE Sociery, JANUARY 24, 1936. 
Reap BEFrorE THE GeoLocicaL Sociery or America, Decemper 26, 1935. 
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Correlation of Late Pleistocene marine and glacial deposits of New Jersey 
and New York. By Paul MacClintock and Horace G. Richards 


(pages 289-338) 
Comment by Myron L. FutLer 
Page 
INTRODUCTION 


In 1903, 1904, and 1905, the writer and his associates made a detailed 
study of Long Island, New York, the results of which were published 
by the United States Geological Survey in 1914.2 In this report, four 
glacial periods, the Nebraskan (Sub-Aftonian) , the Kansan, the Illinoian, 
and the Wisconsin, were recognized, with three interglacial stages corre- 
lated with the Aftonian, the Yarmouth, and the Sangamon (Vineyard). 

For more than 30 years, since the completion of the field work and 
the preliminary publication of results, the sequence set forth has not been 
seriously challenged, but in a paper by MacClintock and Richards,” pub- 
lished in the March issue of the Bulletin, important changes in the 
classification and correlation of the deposits have been proposed. 

The points of difference emphasized are as follows: 


1. Glacial control of marine levels. 

2. Changes in correlation of Long Island and New Jersey deposits. 

3. Exclusion of the Mannetto gravels of Long Island from the glacial 
sequence. 

4. Transfer of the Jacob sand and Gardiners clay from the Yarmouth 
to the Sangamon interglacial stage. 

5. Placing of Manhasset gravels in the Wisconsin instead of the IIli- 
noian glacial stage, with non-recognition of the Montauk till member as 
a stratigraphic unit. 


1M. L. Fuller: The geology of Long Island, U. 8. Geol. Surv., Prof. Paper 82 (1914) 231 pages. 
2 Paul MacClintock and H. G. Richards: Correlation of Late Pleistocene marine and glacial deposits 
of New Jersey and New York, Geol. Soc. Am., Bull., vol. 47 (1936) p. 289-338. 


4 
= 
j 
0 
t 
; 
8 
I 
t 
e 
> 
in 
| 
p 
t 
s 
t 
1 
4 
= 
—> 
’ 


LATE PLEISTOCENE DEPOSITS OF NEW YORK AND NEW JERSEY 1983 


The paper is a courteous discussion of the differences in correlation of 
the Pleistocene of Long Island and New Jersey and an excellent summary 
of the fossils of the Jacob sand and Gardiners clay, but the writer feels 
that some of the conclusions are not supported by sufficient field data and 
should not be accepted until definitely conclusive evidence is brought to 
light. 

The writer’s field work on Long Island was done with great care, only 
the area of Brooklyn and Long Island City and adjacent districts, cov- 
ered by the New York Folio (No. 83), being accepted without personal 
investigation. Elsewhere, every road was covered and all shores, except 
those of sand-spits and bars, traversed from College Point to Orient Point, 
as well as those on Montauk Point and on Shelter, Gardiners, Plum, and 
Fisher islands. Every cliff-section available was examined, sketched, or 
photographed. In the report, the parts actually seen are carefully dis- 
tinguished from the covered portions, and may be relied upon as repre- 
senting the conditions existing at the time. With constant erosion and 
slumping going on, it is inevitable that sections will vary from time to 
time. Some seen the first season were unrecognizable during the second 
year, but new ones showing similar features had appeared. The whole 
coast must be re-examined inch by inch before any radical change in 
Pleistocene correlation can be regarded as established. 

The development of the Pleistocene sequence finally published was 
adopted only during the second year, as a result of the recognition and 
mapping of four drifts, whose deposition was separated by long periods 
of erosion or non-glacial accumulation. The writer, like most men 
brought up in the belief of unity of glacial deposits (Wisconsin) in the 
East, hesitated to adopt so radical a departure, but two years’ experience 
with the older drifts, especially the LIllinoian of the Mississippi-Ohio 
Valley, much of the time in company with Frank Leverett, led to a more 
open attitude. The comparatively slight cutting of the Wisconsin in 
that region, except in especially favorable places, as compared to the 
extensive erosion of the older drifts, had an important bearing on the 
stand taken. 

Work such as that on which the Long Island report is based, because 
of its complicated nature, can never be regarded as complete or final, and 
the writer has always anticipated more refinement of subdivision by 
others, but has not looked for retrogression to the view of the paramount 
importance of Wisconsin glaciation. 


GLACIAL CONTROL 
The glacial-control theory postulates changes of sea level dependent 
upon withdrawals of water from the ocean in amounts approximately 
equal to those incorporated as ice in the continental glaciers. MacClin- 
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tock and Richards have committed themselves to this theory, but sug- 
gest that a possible peripheral bulge, due to the weight of the ice to the 
north, may have modified the levels in New Jersey, although no tectonic 
disturbance is recognized to the south. 

The writer is in accord with the view of glacial control as a determin- 
ing factor in the position of sea level, but would place more emphasis on 
bulge, or even limited tectonic movement, as auxiliary causes of changes 
of level. 

Comparatively little was known thirty years ago as to the quantitative 
effects of glacial control, and, as the occurrence, sequence, and position of 
the glacial and interglacial deposits then recognized were in no manner 
determined or substantially modified by the particular cause of sea-level 
position, the changes of levels were spoken of in terms of land rather 
than of the sea. 


CORRELATIONS WITH NEW JERSEY 
FIELD WORK 


The writer’s correlations of the Long Island with the New Jersey 
deposits were based on a week’s field work on Long Island and in eastern 
New Jersey in company with G. N. Knapp in 1903, and a similar period in 
1907 with H. B. Kiimmel in the Atlantic Highland district and along the 
Delaware River and Bay, from Trenton to Cape May. The decisions as 
to probable equivalency of the deposits represented the mutual consensus 
of opinion at the time, but the conclusions are open, as are all deduc- 
tions not based on adequate personal field work, to a certain amount of 
doubt. 


PENSAUKEN 


The Pensauken was correlated by the writer with the Jameco of Long 
Island, but, on the evidence of fossils, MacClintock and Richards regard 
it as an early Pleistocene deposit in New Jersey, of which there seems to 
be no exact equivalent on Long Island. If ever present “it would have 
been overridden by at least two glaciations (Jameco and Wisconsin) 
and would have been completely eroded” (p. 302). The present writer 
would, however, emphasize the fact that glaciers achieve little erosion 
near their terminal moraines. For example, the Mannetto, whether 
Pliocene or Pleistocene, was “overridden by at least two glaciations (Ja- 
meco and Wisconsin),” yet was not removed and remains in the great 
masses constituting the Mannetto, Half Hollow, and Dix hills, among the 
most conspicuous and outstanding elevations of Long Island. If true 
Pensauken sediments are absent, it is probable they were never deposited. 

The writer would further point out the danger of correlating terraces of 
widely different elevations. If marine terraces are governed by the gla- 
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cial-control theory of sea level, it follows that deltas and river terraces 
adjacent to the coast will also be controlled, within narrow limitations, 
and it is axiomatic that stream terraces 44 feet above tide, as at Fish 
House, New Jersey, cannot be correlated unless detailed evidences of 
their equivalency is presented, with deposits as high as 130 feet, as in 
Middlesex County, New Jersey. As a matter of fact, the Unio fauna at 
the former locality is considered by Baker® as an “indigenous fauna, 
probably of long occupancy, modified by time and related intimately to 
the present fauna of the Atlantic drainage.” Berry,* writing of the same 
locality, states that the plant remains indicate that “the fossiliferous 
stratum, at least, is not older than the last interglacial and the prob- 
ability is strong, though unverified, that it is post-glacial in age.” The 
“Pensauken” of Middlesex County, New Jersey, on the other hand, rests 
directly on Cretaceous deposits at an elevation of 130 feet, with plant 
remains indicating a climate even warmer than the present.® 

Because of the range of altitude assigned to the “Pensauken” in New 
Jersey, two incomparable extremes of which have been quoted, it appears 
that further work is necessary to determine what the formation really is 
stratigraphically, and to fix the limits of its component subdivisions. 
Only then can correlations be made with certainty. 


CAPE MAY 


The name Cape May formation was applied by the writer as a general 
equivalent term for the Illinoian outwash, as well as for subsequent 
interglacial gravels through the Wisconsin. It was divided into several 
stages, but these were too little known to warrant the application of 
names. MacClintock and Richards, on the basis of fossils, postulated 
water warmer than exists at present, and placed the deposits examined 
in the Sangamon interglacial stage. 

Because of the application of the name Cape May to deposits varying 
widely in time, conditions of deposition, and source of material, consid- 
erable confusion has resulted. There is urgent need for detailed and more 
discriminating work, with the subdivision and naming of stages, whether 
marine, glacial, or interglacial, from the Illinoian epoch through the 
Wisconsin. it is the writer’s opinion that the name Cape May should be 
used in its criginal sense, if that can be determined. Otherwise, it should 
be abandoned, for it is rarely advisable to continue the use of a name in a 
sense radically differing from that first given. 


8F. C. Baker: The life of the Pleistocene or glacial period, Univ. Ill., Bull., vol. 17, no. 41 (1920) 


p. 206. 
4B. W. Berry: Additions to the Pleistocene flora of New Jersey, Torreya, vol. 10 (1910) p. 261-267. 


5. W. Berry and A. C. Hawkins: Flora of the Pensauken formation, Geol. Soc. Am., Bull., vol. 
46 (1935) p. 245-252. 
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LONG ISLAND FORMATIONS 
MANNETTO GRAVELS 


The term Mannetto was applied by the writer to the extensive accumu- 
lations of quartz sand and gravel, everywhere with weathered granitic 
pebbles or boulders, lying unconformably upon the Cretaceous and under- 
lying the Jameco, likewise unconformably, in the Mannetto (West), Half 
Hollow, Dix, and Wheatley hills, as well as on various necks of the north 
shore. It was regarded, because of its flat top and similarities of occur- 
rence, as a probable glacial outwash, necessarily older than the Jameco 
(Kansan), hence presumably sub-Aftonian (Nebraskan). MacClintock 
and Richards, in agreement with Wells, have stated (p. 320) that “the 
topographic position and lithological character of the Mannetto gravel 
has led to its exclusion from the glacial sequence.” 

Nowhere in the paper is any further mention of the formation nor any 
evidence presented in support of the attitude taken, the writers seemingly 
agreeing with Wells that the Mannetto may be Pliocene. In a letter 
received by the writer from W. C. Mendenhall, Director of the United 
States Geological Survey, based on information furnished by David G. 
Thompson and Francis G. Wells, a Pliocene age is suggested for the 
Mannetto because of “the presence of Pliocene gravels in similar position 
on Martha’s Vineyard and in New Jersey, and the profound erosion (600 
feet) between the deposition of this gravel and the deposition of the 
Jameco gravel.” The writer does not know of any granite-bearing 
quartzose gravels of Pliocene age in the localities mentioned, and an 
erosion unconformity of the amount stated is at least as likely in Pleisto- 
cene as in post-Pliocene time. 

The universal presence of granitic pebbles or boulders in the type 
locality in the Mannetto Hills, in other hills outside the Wisconsin 
moraine in the vicinity, and in exposures along the north shore, is charac- 
teristic. The writer has never failed to find such fragments, usually 
sufficiently friable to crumble in the fingers or pulverise under the ham- 
mer. One such boulder, two feet in diameter, is shown as Plate XVII B 
opposite page 82 of the Long Island report. Although granitic fragments 
may be floated to their positions in a deposit by agencies other than ice, 
such occurrences are rare, and in no known Pliocene or other Tertiary 
formation in the region has such rafting occurred with sufficient frequency 
to cause the material so borne to become a characteristic and ever- 
present feature of the formation as it does in the Mannetto. 

The lithologic character of the Mannetto, presumably its high quartz- 
content, has been quoted as indicating a non-glacial origin. The predomi- 
nance of quartz gravel, although at variance with the composition of 


¢F. G. Wells: Reconsideration of the Pleistocene geology of Long Island (abstract), Geol. Soc. 
Am., Pr. 1934 (1935) p. 121-122. 
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later glacial deposits, is to be expected from the fact that the ice obtained 
most of its material from quartzose Cretaceous deposits in Long Island 
Sound or on northern Long Island. But it cannot be too strongly empha- 
sized that the Mannetto, as a whole, is decidedly coarser than any such 
formation and carries erratic pebbles and boulders, indicating a consider- 
able change in conditions of deposition. The structure of the Mannetto 
is difficult to reconcile with deposition by the sea or by streams other than 
those associated with outwash. 

The prevailingly light color and quartzose character of the Mannetto 
as a whole should yield well-samples differing from those from the 
Jameco, which, according to A. C. Veatch, as quoted on page 86 of the 
report of the present writer, are strikingly dissimilar to all other Pleisto- 
cene beds except the Montauk till number of the Manhasset; but the 
Jameco and Montauk seldom or never are found in the same well. The 
Jameco is generally a coarse, dark-colored gravel containing a predomi- 
nance of granite pebbles with streaks of dark sand and silts. A number 
of wells in which the Mannetto was identified on this basis are quoted. 
In the late re-study of wells by the United States Geological Survey, 
according to the letter of Mendenhall previously quoted, no samples were 
definitely identified as Mannetto, but it is possible that more light will be 
thrown on the subject as the groundwater studies approach completion. 

Weathering, in general, is of much value in studying old drifts, but too 
great dependence should not be placed upon it. Only a genuine weather- 
ing throughout the body of a formation, or at least the entire upper 
portion, is reliable. Many pebbles have been incipiently altered before 
being incorporated in the deposit in which they are found, and are more 
liable to alteration, and therefore more subject to disintegration, than 
others of similar lithology. Until the evaluation of these internal 
stresses and incipient alteration or predisposition to alteration are more 
fully understood by geologists, inferences from slight weathering will not 
be reliable. The Mannetto as a whole should be, as it is, more weathered 
than is the Jameco, but beyond this it is not safe to go. 

If Pliocene fossils are found in unmodified Mannetto strata or if the 
beds are traced continuously into marine or other definitely established 
Pliocene formations, the writer will be the first to acknowledge his error 
in placing the Mannetto in the glacial series. Until such discoveries are 
made and the occurrence of granitic material in quantity is fully ex- 
plained, the writer feels that the Mannetto should be retained as a 
Pleistocene formation. 


JACOB SAND AND GARDINERS CLAY 


Jacob sand and Gardiners clay, which the witer referred to the Yar- 
mouth interglacial stage, were placed by MacClintock and Richards 
(Table, p. 335) in the Sangamon interglacial stage. 
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A re-study of the fossils bears out the fact that the Gardiners clay was 
deposited in relatively warm water, such as would exist in an interglacial 
period; whereas, the Jacob sand, with a fauna pointing to colder water 
than that now prevailing, is regarded as transitional between the Gar- 
diners and the Manhasset deposits, a view in harmony with that of the 
writer. 

The possibility that the Gardiners clay may be two-fold, consisting 
of an earlier part “deposited during Yarmouth time and the latter part 
during Sangamon time,” is postulated by MacClintock and Richards 
(p. 332), but sufficient evidence for the subdivision is not yet available. 
Their tentative correlation with part of the Cape May is probably cor- 
rect, but, as previously stated, the latter name has been used so broadly 
to cover deposits of diverse age and origin that an entire revision is 
desirable. 

There is no material difference in the views of MacClintock and Rich- 
ards and those of the writer on the origin and relations of the Jacob 
sand and the Gardiners clay, other than those necessitated by the fact 
that the first-named writers place the Manhasset formation, which the 
deposits mentioned immediately antedate, in the Wisconsin. 


MANHASSET FORMATION 


Differences in Correlation—The Manhasset, which the writer regarded 
as probably Illinoian, has been placed by MacClintock and Richards in 
the Wisconsin. They did not recognize the Montauk till member, in the 
middle of the formation, as a stratigraphic unit, but “looked upon [it] as 
one or more till masses within the dominantly fluvio-glacial Wisconsin 
Drift” (p. 336-337). The difference in views is shown in the following 
tables: 


FULLER MacCurntock anp Ricwarps 
Wisconsin Wisconsin 
Harbor Hill Harbor Hill 
Ronkonkoma Ronkonkoma 
Manhasset 
Sangamon Sangamon 
(Erosion interval) Jacob 
Gardiners 
Tllinoian Tilinoian 
Manhasset (not recognized) 
Hempstead 
Montauk 
Herod 
Yarmouth Yarmouth 
Jacob (Part of Gardiners (?)) 


Gardiners 
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In their reference of the Manhasset to the Wisconsin, MacClintock and 
Richards agree with Wells, who states: 


“The writer has found nothing in the physiography of Long Island that he believes 
cannot be explained by the oscillation of the ice front and by erosion during the 
following glacial stage. In the absence of differences of weathering in the successive 
deposits of till or of intervening soil zones or marine deposits, he considers all the 
deposits beginning with the Manhasset to be of one age, probably Wisconsin.” * 

Slight differences of weathering, such as exist between the Wisconsin 
and the Manhasset, are not to be depended upon, as pointed out else- 
where, for the differentiation of the deposits. Soil zones, although recog- 
nized in the west, have never, so far as known, been found in New England 
or the Long Island region. 

That physiography has been the determining factor in the differen- 
tiation of the Manhasset in some localities is frankly admitted. To dis- 
regard it would to be ignore the most important and conclusive evidences 
found in the field. No competent work can be carried to a successful 
conclusion on the island without its discriminative use. It should be 
remembered, however, that the existence, form, and composition of the 
Manhasset is amply exhibited in the great sand pits of Manhasset neck 
and in the cliffs of Great, Lloyd, and Eaton necks, as well as in bluffs 
of the north shore elsewhere. 


Erosion of Manhasset.—The erosion of the even-crested masses of both 
the lower Manhasset (100 feet) and the upper Manhasset plateaus (200-++ 
feet) is everywhere a pronounced and conspicuous feature, extending 
from the summits to points below sea level. The stream origin is shown 
by the general form of many of the valleys and their tributaries between 
the necks, as brought out on the topographic map of the island in the 
pocket of the Long Island report. They have been generally modified by 
ice scour and by the deposition of glacial debris, which, however, seldom 
obliterates the erosion characteristics. The valley at Glen Cove, that at 
Mill Neck Creek, other valleys near Oyster Bay, Cold Spring Valley, 
and the valleys east of Northport, may be mentioned as examples. 

In the Nissequogue Valley at Smithtown, presumably protected from 
erosion by a filling of snow or ice, there is a practically unmodified rem- 
nant of an original Manhasset drainage system with its main and branch- 
ing valleys. The presence of a typical well-defined Wisconsin esker, 
three-quarters of a mile northeast of Smithtown, extending to the bottom 
of the present valley, fully establishes the pre-Wisconsin origin of the 
drainage system. Similar valleys with tributaries, here modified by 
Wisconsin outwash to form kettle valleys and chains, are found in the 
Peconic River system near Riverhead. 

Over the eroded Manhasset, except in the Smithtown region, where the 


1 Ibid. 
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esker mentioned is the chief representative of the later drift, there is, 
in most localities within the Wisconsin moraine, from five to ten feet of 
till or other drift, which, in general, partakes of the nature of the adja- 
cent overridden material, being gravelly in the west and more granitic in 
the east, where there was less Manhasset. This is “the veneer of coarse 
gravel which is supposedly a ground moraine” mentioned by Wells.® It 
is at least as uniform and as thick as most of the till on the Connecticut 
mainland. 

The cutting of the shore bluffs in post-Wisconsin time has been con- 
siderable, but stream erosion has been limited to local widening of old 
valleys, and rivulet notching represented by short ravines and gullies 
in the bluffs or steep hillsides, or by small trenches in the older valley 
bottoms. Spring sapping has produced many amphitheatres in the bluffs. 

Compared with the Manhasset erosion systems of the Smithtown and 
Riverhead regions already cited, the Recent stream erosion is extremely 
slight. In the table of comparative times of the various glacial and 
interglacial stages, the writer put the interval between the Manhasset 
and the Wisconsin as five times that which has passed since the retreat of 
the latter ice. With further study and experience, it is felt that the 
estimate was far too conservative, and that the interval was actually very 
much longer. If one accepts the present period as an interglacial stage 
in which the ice has retreated to polar regions and a few high mountains, 
it is certain that there is even stronger reason for belief in the existence 
of a similar but much longer period, in which erosion acting on the 
same deposits was many times as marked, between the Manhasset and the 
Wisconsin. 


Montauk till—In his Long Island report the writer applied the name 
Montauk to the till sheet found in the middle of the Manhasset forma- 
tion in the Hempstead Harbor gravel pits on Manhasset Neck, and an 
important and distinctive formation farther east, finally culminating in 
the lower heavy till of the south side of Montauk Point, from which its 
name is derived. MacClintock and Richards do not recognize this as a 
stratigraphic unit but look upon it “as one or more till masses within the 
dominantly fluvio-glacial Wisconsin drift” (p. 337). 

The failure to recognize the Montauk drift as a separate member is 
perhaps natural in studies confined principally to the western feather 
edge, although even here it is a distinctly recognizable unit often spoken 
of as a boulder-bed. Woodworth, in plates 3, 4, and 5, of his report, 
presents views of this bed, plate 5 also showing numerous large boulders 
from the member.® 


8 Op. cit., p. 122. 
® J. B. Woodworth: Pleistocene geology of portions of Nassau County and Borough of Queens, 
{N. Y.], N. Y. State Mus., Bull. 48 (1901) p. 617-670. 
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Where present between the Hempstead and the Herod members of the 
Manhasset, there can be no question of correlation, the whole being 
clearly pre-Wisconsin in age, but elsewhere, where Wisconsin and Mon- 
tauk tills are in contact, the physical differences in the two must be 
relied upon. 

The Montauk is typically a dull, bluish or gray till, locally tinged red 
by Triassic fragments or greenish by Gardiners clay worked into it, with 
the spaces between the sand grains or pebbles and boulders practically 
everywhere filled with clay or rock-flour. The larger fragments are 
mainly biotitic granite or gneiss, most of them showing signs of glaciation, 
and many of them much weathered. About 95 per cent of the exposures 
exhibit lamination or banding, and 75 per cent of the outcrops show a 
characteristic cementation, the erosion of which produces a “badland” 
type of topography with knife-edge ridges and needle-like pinnacles. 
Because cf the intermittent or multiple character of the deposition, the 
prevalent banding, and the nature of its association with the Manhasset 
members above and below, its accumulation is assumed to have taken 
place beneath an ice sheet in the presence of water, presumably below the 
level of the sea. 

The Wisconsin till, on the other hand, is ordinarily lighter in color 
and resembles the ordinary loose surface type prevailing throughout New 
England. It is almost never fourd banded, cemented, or indurated; it 
is commonly weathered or oxidized yellowish or brownish in its upper 
portion, and, in general, is quite unlike the Montauk. The latter, as a 
rule, shows no oxidation in the upper part, the oxidized layer having been 
usually reworked and incorporated in the Wisconsin drift. A contact 
of the two tills is shown in Plate XXII of the writer’s report. The Mon- 
tauk, as identified by composition, is indicated in the table of wells on 
page 148 of the same report. 

The Manhasset, which includes the Montauk, was separated from the 
Wisconsin, as has been shown, by a well-substantiated erosion period, 
many times greater in length than post-Wisconsin time. Unless there 
was on Long Island an ice advance unknown in the Mississippi Valley or 
in Europe, which is highly improbable, the Manhasset, with the Mon- 
tauk, must be referred to the Illinoian stage. It should be correlated 
with the Illinoian as recognized by Leverett in Pennsylvania and New 
Jersey.’° 

Correlation with the older and thicker tills, especially with that of the 
drumlins, in New England, must be acknowledged as uncertain, although, 
compared to the latter, all other drifts are insignificant. In the Mis- 


10 Frank Leverett: Glacial deposits outside the Wisconsin terminal moraine in Pennsylvania, Pa. 
Geol Surv., 4th ser., Bull. G 7 (1934) p. 1-128; Results of glacial ii tigation in P. ylvania and 
New Jersey in 1926 and 1927 (abstract), Geol. Soc. Am., Bull., vol. 39 (1928) p. 181. 
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sissippi-Ohio Valley the Illinoian drift is of the greatest importance, reach- 
ing a thickness of hundreds of feet in places and greatly surpassing in 
development the other drifts in the vicinity. Although not showing the 
laminated character of the sub-marine or sub-aqueous phase of the Mon- 
tauk of Long Island and most of it exhibiting only faint lamination, the 
drumlin till has a general resemblance to the Montauk, and its surface 
weathering is commonly greater than that exhibited by undoubted Wis- 
consin tills. It still seems likely that the drumlins and the Montauk 
tills are equivalents and are probably Illinoian. 


SUMMARY 


1. The glacial control theory is substantially accepted, but it does 
not affect the Long Island sequence of events. 

2. Further investigations are desirable to fix the positions and equiva- 
lency of the Pensauken and, more especially, the Cape May of New 
Jersey. 

3. In the absence of any direct evidence, especially that afforded by 
direct tracing or by fossils, the “topographic position and _ lithologic 
character” is inadequate to warrant the exclusion of the Mannetto from 
the glacial sequence, especially in view of its pebble- or boulder-bearing 
character, too universal to be due to tree-rafting or similar causes. It 
is, therefore, retained in the Pleistocene, representing the earliest glacial 
invasion on Long Island, antedating the Jameco (Kansan) and pre- 
sumably Nebraskan in age. 

4. The position of the Jacob sand and the Gardiners clay is dependent 
upon the correlation of the Manhasset. If the latter is Illinoian, as the 
evidence seems to indicate, the two formations, as they overlie the Jameco 
(Kansan), must belong to the Yarmouth interglacial stage, with the 
possibility that the Jacob is partly transitional into the lower Manhasset. 

5. All evidence favors the existence of an erosion interval between the 
Manhasset and the Wisconsin, many times as long as that of the Recent 
period and representing a true interglacial stage, presumably the San- 
gamon (Vineyard). The Manhasset is, therefore, probably Illinoian. 
The Montauk till, although represented at its western feather-edge only 
by one or more boulder beds, becomes an important formation farther 
east, especially on Montauk Point, where it far exceeds the Wisconsin in 
development. The reasons given for abandoning it as a sercvate mem- 
ber of the Manhasset do not appear to be adequate. It i= <cill to be 
regarded as the probable equivalent of the drumlin drift of New England. 

Until further discoveries or developments are made, the writer con- 
cludes that his original Long Island classification should stand, with 
possible modification only in correlations with New Jersey or New 
England. 
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Reply by Paut MacCuintock anp Horace G. RicHarps 


We welcome this opportunity, first to express our appreciation to 
Myron L. Fuller for his courteous, dignified, and helpful criticism of 
our paper, and second to amplify and possibly clarify our position. We 
did not go into further detail, because that was being done by F. G. Wells 
in his paper, which we thought would appear before ours. It is obviously 
true that Fuller in the original work spent three full seasons in the field, 
and we were limited to only as many weeks. But we felt that, as Fuller 
and his associates had so completely covered the island in their detailed 
investigation, we could devote our time and effort to the critical areas 
where major interpretations were possible. We were fortunate enough 
to arrive upon the “scene of battle” just as Wells was “mopping up” after 
a season of intensive field work for the United States Geological Survey. 
He generously took us to many of his, as well as Fuller’s, critical places. 
We regret that Fuller should feel that to include the Manhasset formation 
in the Wisconsin glaciation is retrogression, for, in our struggle to interpret 
the facts as we saw them, we had not given thought as to whether we were 
progressing or retrogressing. 

Let us take up Fuller’s points in succession. As to glacial control of 
sea level, together with peripheral bulge of the land, we all seem to be 
largely in accord. This was really the major point in our paper—i.e., to 
find out whether or not the marine formations were glacial or inter- 
glacial and then, if possible, to date them with a particular glacial or 
interglacial ep.sode. As to the problem of the Pensauken formation, we 
agree completely with Fuller that further work is necessary before a 
satisfactory solution is obtained. This problem lay somewhat beyond 
the scope of our investigation. We were hesitant about excluding the 
Mannetto from the Pleistocene, and possibly we were wrong, but our 
reasons for so doing were frankly given. 

Our assignment of the Manhasset formation to the Wisconsin was 
based, among other reasons, upon the interpretation of the Vineyard 
erosion interval. Fuller considered the major valleys to have been cut, 
during this interval, into a flat-lying surface of Manhasset gravel; our 
interpretation was that the major valleys were constructional features— 
i.e., occupied by ice while the intervening areas, now comprising the 
“Necks,” were being aggraded with gravel. Then followed the Vineyard 
erosional interval, during which, according to our view, only small den- 
dritic valley systems were formed on the sides of the main constructional 
valleys. A re-advance of the ice to the Harbor Hill stand laid construc- 
tional topographic features over the dendritic topography as far south 
as the Harbor Hill moraine. Incidentally, neither we nor Mr. Wells 
agreed that the feature described near Smithtown as an esker was really 
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such. It looked much more, to us, like a part of the valley wall cut off 
by a small tributary ravine. The amount of erosion of the Vineyard 
interval seems to be commensurate with that of certain intra-Wisconsin 
episodes in Illinois, such as that near Palos Park or Cary. In the first, 
small streams carved dendritic topography on the northeast slope of the 
Valparaiso moraine, which was later veneered by constructional features 
during an ice advance to Tinley Park. In the second instance, a larger 
stream, the ancestral Fox River, cut a considerable valley through early 
Wisconsin outwash before the Cary moraine with its constructional 
topography was deposited down into and up the other side of the valley. 

The criteria that Fuller used to distinguish between Wisconsin till and 
Montauk till, to our mind, do not seem very significant. Till is character- 
istically dark-gray below the zone of oxidation, where it is not in contact 
with an aquifer that bears oxidizing waters. The great mass of the Wis- 
consin till of the Mississippi Valley region is grayish in color below 12 to 
15 feet of oxidized till. On the north side of the westernmost hill of Lloyd 
Neck, loose, brownish, bouldery till (Wisconsin), lying above 40 feet 
of gravel (Manhasset), passes eastward in half a mile to form the upper 
part of a 20-foot bluff of hard, compact, sandy till, which shows the little 
sand partings characteristic of the Montauk till. The till is oxidized to 
the bottom of the exposure. Fuller has it mapped as Montauk, but when 
we visited the place none of us could convince ourselves that there was 
more than one till present. The upper, softer, browner part seemed to be 
only the more-weathered and disrupted portion of a single till. 

In the Goodwin-Galligher pit, which is a mile square and 120 feet deep, 
the west side showed 60 feet of Manhasset gravel overlain by 60 feet of 
a complex mass of sand, gravel, lenses and masses of silt, and sheets of 
till. The till was gray and quite hard and dense. It looked like Montauk, 
but at places there were three layers of till, at others one or two layers. 
We interpreted it as showing deposition at or near the edge of a fluctuating 
glacier front, where outwash and till were alternately or sporadically 
deposited. Where these till masses, which are definitely incorporated in 
the gravel formation (Manhasset), come to the surface of the ground, 
they are weathered brownish and are soft and friable. From these various 
considerations, we were led to regard the Manhasset as a complex forma- 
tion of gravel and till, the latter being somewhat local and sporadic in 
distribution, and the whole being of Wisconsin age. 


Correlation of Arizona Paleozic formations. By A. A. Stoyanow 
(pages 459-540) 
Comment by Norman E. A. Hinps 
Stoyanow has stated (p. 473-474) that “if a provisional classification 
of the Algonkian of northern and southern Arizona is desired at this 
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time, the unconformity between the Unkar and the Chuar, noted by 
Walcott, and that existing between the Mazatzal (Mazatzal quartzite of 
central Arizona) and the Apache (Apache group of central and southern 
Arizona) can be used as a basis. The fact that the so-called algal growths 
occur both in the Bass (lower Unkar) and the Mescal (upper Apache) 
limestones does not invalidate this interpretation; such algal accumula- 
tions have been described from the Chuar by Walcott, and Resser and 
the writer found, on a visit to the Nankoweap Valley of the Grand Canyon 
in 1930, that algae are even more profusely developed in the limestones 
of the Chuar than they are in the Mescal.” According to this interpreta- 
tion, the following correlation exists: 


NorTHERN ARIZONA CENTRAL AND SOUTHERN ARIZONA 
(Grand Canyon) 
Algonkian Algonkian 
Chuar group Apache group 
Disconformity Unconformity 
Unkar group Mazatzal quartzite 
Unconformity Unconformity 
Archeozoic Archeozoic 
Vishnu schists and Pinal schists and 
intrusive granitoid rocks intrusive granitoid rocks 


In two recent papers,’ I have shown that the Mazatzal quartzite is 
much older than either the Apache group or the Unkar group, and is to 
be correlated with the Needle Mountains group of the San Juan Moun- 
tains in southwestern Colorado, with which it once may have been con- 
tinuous. The Mazatzal quartzite, with a maximum thickness of 2,500 
feet, is found in several areas in the mountains of central Arizona south 
of the Colorado Plateau, and a small area is exposed in Blue or Quartzite 
Canyun about 5 miles west of Fort Defiance, northeastern Arizona. 
After deposition of this quartzite, as Wilson ? has shown, it was intensely 
folded, faulted, and intruded by granite during an orogeny that also 
involved the Needle Mountains group of southwestern Colorado. I have 
called this orogeny the Mazatzal. The rising mountains were deeply 
eroded and the quartzite was removed from the Archean basement over 
wide areas, but, in Algonkian time, they formed a barrier between two 
basins of deposition, one in northern and the other in southern Arizona. 
The northern basin I have designated the Grand Canyon and the southern 
the Apache, for in them were deposited respectively the Grand Canyon 
series and the Apache group. Into both of these basins, streams carried 
debris from the wasting Mazatzal ranges, for quartzites and rhyolite 
pebbles, petrographically identical with sediments and intercalated flows 


1N. E. A. Hinds: Researches on Algonkian formations at Grand Canyon National Park, Carnegie 
Inst. Washington, Year Book No. 34 (1935) p. 328-329; Uncompahgran and Beltian deposits in western 
North America, Carnegie Inst. Washington, Pub. 463 (1936) p. 117-123. 

2E. D. Wilson: Proterozoic Mazatzal quartzite of central Arizona, Pan-Am. Geol., vol. 38 (1933) 
Pp. 299-312; also personal communication. 
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in the Mazatzal quartzite, are present in the basal Unkar and Apache 
conglomerates. The Mazatzal barrier lasted through Cambrian time. 

The Apache group is in contact with the Mazatzal quartzite at only 
one locality—Haigler Creek in the Tonto Basin of central Arizona, where 
Darton * found slabby quartzite of Apache Dripping Spring aspect lying 
unconformably upon the older sequence. The erosion surface that had 
been etched into the Mazatzal strata is fairly even. 

Thus, the unconformity between the Mazatzal and the Apache is not 
the equivalent of the disconformity between the Nankoweap (formerly 
Upper Unkar) and the Chuar group, but represents a much older, pre- 
Algonkian hiatus. 

The Apache group is similar to the Unkar in its dominantly red color, 
the abundance of sandstone, and the lesser quantity of shale. Lime- 
stones with the so-called algal structures are present in both, but these are 
less significant, for the Chuar also contains them. The Chuar is a shaly 
sequence in which most of the shales are light-gray, green, dark-gray, and 
black. Red shale is present in minor quantity. Thin beds of sandstone 
and limestone are found at many horizons. There is little lithologic 
resemblance between the Apache and the Chuar. The Apache consists 
of the basal Scanlan conglomerate, Pioneer shale, Dripping Spring 
quartzite, Mescal limestone, locally basalt flows, and the topmost Roose- 
velt chert and shale, which has been eroded away in most places. Darton ‘ 
suggested correlation between the Mescal limestone and the Unkar Bass 
limestone, basal member of the Grand Canyon series, but to this Stoy- 
anow * has rightly objected. The Unkar and Apache groups probably 
were deposited at approximately the same time in the two Algonkian 
basins of Arizona, but correlation between units of each group is at 
present impossible. : 

Another point of less value relates to the igneous activity. After Apache 
and Unkar deposition, each sequence was invaded by considerable volumes 
of diabase, and some basalt was erupted. No igneous activity occurred 
during Chuar time. No basic magmas intruded the Mazatzal quartzite, 
but, during its deposition, some rhyolite was erupted. During the Mazat- 
zal orogeny, granite was intruded into the quartzite. No granite cuts 
either the Apache group or the Grand Canyon series. 

Following Algonkian deposition, the Grand Canyon strata were slightly 
folded and considerably faulted during the local Grand Canyon orogeny. 
The Apache basin suffered epeirogenic elevation and consequent erosion, 
but was not folded. Thus, Middle Cambrian strata rest with moderate 


3N. H. Darton: A résumé of the geology of Arizona, Univ. Ariz., Ariz. Bur. Mines, Bull. 119 
(1925) p. 234-235. 

* Op. cit., p. 36. 

5A. A. Stoyanow: op. cit., p. 473. 
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unconformity on the Grand Canyon Algonkian and with disconformity 
only on the Apache beds. Notable angular break exists between the 
Middle Cambrian and the Mazatzal quartzite. 

As the Mazatzal quartzite is separated from the Apache group by an 
hiatus involving orogeny, granite intrusion, and deep erosion, it is not 
possible to class this sequence as Algonkian, a term which I propose 
to restrict to the latest pre-Cambrian deposits. Tentatively, I have sug- 
gested * the periodic term Uncompahgran for pre-Algonkian and post- 
Archean deposits in western North America, such as the Mazatzal quart- 
zite, the Needle Mountains group of southwestern Colorado, and the 
Cottonwood quartzite of the Wasatch, Uinta, Oquirrh, and other ranges of 
northern Utah. As studies of the pre-Cambrian are continued, post- 
Archean pre-Cambrian deposits may be found that will require still 


other periodic names. 


The relations between the basal Cambrian and the pre-Cambrian 
deposits in Arizona is shown in tabular form as follows: 


NorTHERN ARIZONA 
(Grand Canyon) 
Early Middle Cambrian 
Tapeats sandstone 
Unconformity 
Local Grand Canyon orogeny and 
erosion of Ep-Algonkian pene- 
plain 
Algonkian 
Grand Canyon series 
Chuar group 
Disconformity 
Nankoweap group (new) 
Disconformity 
Intrusion of diabase and eruption 
of basalt 
Unkar 


Uncompahgran 
Not represented 


Arizonan revolution, intrusion of 
granites, and erosion of Ep-Archean 
peneplain 

Archeozoic 
Vishnu schist and intrusive grani- 

toid rocks 


CeNTRAL AND SoutH CENTRAL ARIZONA 


Later Middle Cambrian 
Troy quartzite 
Disconformity 
Epeirogenic elevation and ero- 
sion of Ep-Algonkian pene- 
plain 
Algonkian 


Probably not represented 
Probably not represented 


Apache group 
Intrusion of diabase and eruption 
of basalt 
Unconformity 
Mazatzal orogeny, intrusion of 
granite, and evolution of Epi- 
Mazatzal erosion surface 
Uncompahgran 
Mazatzal quartzite 
Eruption of rhyolite 
Arizonan revolution, intrusion of granites, 
and erosion of Ep-Archean peneplain 


Archeozoic 
Pinal schists and intrusive granitoid 
rocks 


The separation, announced by Darton,’ between the Apache group 
and the Middle Cambrian Troy quartzite, everywhere is clear cut. As 


*N. E. A. Hinds: op. cit. (a) p. 327-329; (b) p. 57-136. 


7™N. H. Darton: op. cit., p. 27-37. 
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described by Darton, Stoyanow,® and myself,® there is a conspicuous 
erosional break but no angular discordance. The Troy lies in broad 
shallow valleys and on still broader, rolling divides etched into various 
horizons of the Apache. Much debris from the Apache units is incor- 
porated in the basal Troy. Both in northern and in southern Arizona, 
a peneplaned surface, the Ep-Algonkian peneplain, had been developed 
before Middle Cambrian submergence began. 


Comment by Etprep D. Witson 


In discussing the paper, Correlation of Arizona Paleozoic formations, 
N. E. A. Hinds sets forth a “pre-Cambrian correlation in Arizona” that, 
for central Arizona, presents nothing new except the fact that pre-Apache 
granite intrudes deformed Mazatzal quartzite. This fact he obtained 
through conversation with me regarding research that I was carrying 
on under Project Grant 135 of the Geological Society of America. 

He announces a post-schist, pre-Mazatzal, “Arizona” revolution and 
period of granite intrusion. 

Some of the statements made by Professor Hinds seem to call for spe- 
cial comment. He says: 


“In two recent papers, I have shown that the Mazatzal quartzite is much older 
than either the Apache group or the Unkar group and is to be correlated with the 
Needle Mountains group of the San Juan Mountains in southwestern Colorado with 
which it once may have been continuous.” 


As a matter of record, the great angular unconformity between the 
older (Mazatzal) quartzite and the Apache group was first noted by 
Ransome,’° more than twenty years ago, and practically all the evidence 
that has been obtained for correlating the Apache with the Unkar group 
was set forth by Darton," in 1925. 

Hinds mentions that 


“The Apache group is in contact with the Mazatzal quartzite at only one locality— 
Haigler Creek in the Tonto Basin of central Arizona, where Darton described slabby 
quartzite of Apache Dripping Spring aspect lying unconformably upon the older 
sequence. The erosion surface that had been etched into the Mazatzal strata is 
fairly even.” 


This contact is well exposed at other localities, such as in Gordon 
Canyon, 6 miles farther northwest. In these localities the contact be- 


8A. A. Stoyanow: op. cit., p. 472-478. 

®°N. E. A. Hinds: Ep-Archean and Ep-Algonkian intervals in western North America, Carnegie 
Inst. Washington, Pub. 463, pt. I (1936) p. 27-36. 

1 F. L. Ransome: Quicksilver deposits of the Mazatzal Range, Arizona, U. 8S. Geol. Surv., Bull. 
620 (1915) p. 114-117; Some Paleozoic sections in Arizona and their correlation, U. 8. Geol. Surv., 
Prof. Paper 98 (1916) p. 157, 165. 

11N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Ariz. Bur. Mines, Bull. 119 (1925) p. 36. 
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tween the Mazatzal and the Apache strata is an erosion surface of marked 
relief, as suggested by Darton’s sections.'* 

The statement, “No granite cuts either the Apache group or the Grand 
Canyon series,” is misleading, for extensive bodies of Mesozoic and Ter- 
tiary granites are known to invade Apache rocks in the Globe area. 

Hinds omits the Barnes conglomerate from the Apache group. He 
states that the Apache sequence was invaded by diabase, yet his correla- 
tion table shows the diabase intrusion to be pre-Apache in age. Some 
geologists hold that the diabase is pre-Cambrian; others, that it is Meso- 
zoic or Tertiary. 

Hinds says that Middle Cambrian strata rest with “disconformity 
only” on the Apache beds. Darton,’* however, has shown that the Troy 
formation (Middle Cambrian) dips at a lower angle than does the under- 
lying Apache limestone near the mouth of Haigler Creek and uncon- 
formably overlies the Apache beds in the Mescal Mountains. 

Hinds’ “Mazatzal orogeny” and intrusion of granite correspond to the 
Mazatzal revolution, a term that I proposed ‘* in 1935. The Mazatzal 
revolution, which occurred after deposition of the Mazatzal quartzite, 
was marked by intense folding and extensive thrust and normal fault- 
ing. It culminated with widespread batholithic invasion by the pre- 
Apache granite, the field and petrographic features of which are rather 
distinctive. The folds and faults, which are of subparallel, northeast to 
northward trend, comprise the salient pre-Apache structural features of 
the region. The Yavapai and Pinal schists of central Arizona are schist- 
ose only in the vicinity of intrusive bodies, particularly of post-Mazat- 
zal, pre-Apache granite. All the field relations indicate that the major 
pre-Cambrian structure and metamorphism of the schist resulted from 
the Mazatzal revolution. Where is the evidence for Hinds’ Arizonan 
revolution? Where is his earliest “Arizonan” granite exposed? 


Reply by A. A. StoyaNow 


As I have never been engaged in any research in the pre-Cambrian, I 
asked Eldred D. Wilson, geologist of the Arizona Bureau of Mines, who 
has been carrying on special research in the precise area and on the 
geology touched upon by Hinds, to prepare a brief statement on the 
problem involved. Nevertheless, even considering my limited knowledge 
of the Arizona pre-Cambrian, I may state that Hinds has apparently 
reached his conclusions without full consideration of pertinent data. Two 
things seem worthy of discussion. 


12 Op. cit., p. 235. 
18 Op. cit., p. 36, 234, 256. 
14 Preliminary draft of doctorate thesis submitted to Harvard University. 
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First: The areal distribution of the Mazatzal group does not coincide 
with that of the Apache group. The unconformable Mazatzal-Apache 
contact is, certainly, seen only southeast of the Mazatzal barrier. North- 
east of the barrier, the Mazatzal strata are overlain by the Cambrian (a 
fact not considered by Hinds). Although at some localities the Middle 
Cambrian rests on the Mazatzal quartzite unconformably (observed by 
E. D. Wilson), at other localities, and within a short distance, the rela- 
tion of certain members of the Mazatzal group to the Cambrian is that 
of apparent conformity (observed by me). Either the structural rela- 
tion, noticed by Wilson, between the units involved is of a much later 
date (most probably post-Devonian, or there are more “groups” than 
one in what today is called “Mazatzal quartzite.” Assuming the valid- 
ity of the former contention, it is highly improbable that the Mazatzal- 
Middle Cambrian interval was as long and as uneventful, especially if 
it is taken into consideration that the ancient Mazatzal quartzite was 
geographically very close to an area of deposition of many thousands of 
feet of Algonkian sediments —the Grand Canyon. 

Second: The age of the so-called Apache diabase. According to 
Hinds’ table, the intrusion of the diabase and the eruption of basalt took 
place in central and south-central Arizona before the deposition of the 
Apache group, but this probably is a slip of the pen. Darton held that 
the diabase was entirely restricted to the Apache group, an opinion which 
I shared and still am prepared to share in a general way. I have been 
shown, however, localities at which the diabase unmistakably intrudes 
the basal part of the Troy quartzite. My contention to date is that only 
in structurally undisturbed areas is the diabase altogether restricted to 
the Apache group. The interrelation of the Apache diabase and the so- 
called post-Apache “basalt,” likewise, is not clear at this time. The 
Apache diabase problem will be solved by students adequately equipped 
with petrographic technique. 


Structural and petrologic studies in Dutchess County, New York: Part II, 
Petrology and metamorphism of the Paleozoic rocks. 


(pages 775-850) 
Comment by P. BILiines 


Students of metamorphism are greatly indebted to Barth for his detailed 
study of progressive metamorphism in Dutchess County, New York. One 
is particularly impressed with the care with which the chemical composi- 
tions of the minerals have been determined, and the problem has been 
attacked from a physical-chemical point of view. 

The thesis of progressive metamorphism in southeastern New York has 
been firmly established by the work of Barth and Balk, though ail geolo- 


By Tom F. W. Bartu 
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gists may not agree with some of the structural interpretations. It also 
seems clear that the metamorphism is related to solutions emanating 
from subjacent intrusions. In this respect, the conclusions of Barth are 
in agreement with those which Barrell! made in an adjacent area. 

Barth has concluded that the “pore liquid” in the rocks during the meta- 
morphism had essentially the composition of the material now filling the 
shear zones. He says (page 831): “. . . a continuous system of pore 
liquids was thus formed. . . . Investigation of the material in the shear 
zones—the ‘black veins’—which are supposed to correspond to the com- 
position of the pore liquid . . .” With this conclusion, I cannot agree. 
The material in the shear zones should more properly be considered as 
argillaceous material squeezed into the shear zones in a plastic state. This 
is also apparently Balk’s conclusion. Any interstitial liquid would have a 
much different composition. 

Barth has suggested a cyanite schist facies and that, for a particular 
confining pressure, the amphibolite, epidote amphibolite, cyanite schist, 
and green schist facies indicate successively lower temperatures (Table 
21). When Eskola first proposed the facies classification,? he apparently 
believed that the green schist facies is gradational into the amphibolite 
facies. Field experience also shows that this is true, for rocks of original 
basaltic composition are green schists in the lower metamorphic zones and 
grade into amphibolites in the higher zones, the change taking place near 
the garnet isograd. But in his ACF diagram, Eskola showed wollastonite 
in the lower left hand corner. This meant that, in this facies, calcite and 
quartz cannot exist together in equilibrium, but combine to form wollas- 
tonite. According to Harker,’ “quartz also recrystallizes side by side with 
calcite without any mutual reaction; this holds good up to the highest 
grade, and accordingly wollastonite does not normally figure as a mineral 
of regional metamorphism.” There is a wide range of physical conditions 
(in the garnet, staurolite, and sillimanite zones of the British) in which 
basic igneous rocks are converted to amphibolites instead of green schists, 
but in which, nevertheless, calcite and quartz exist together in equilibrium. 
Thus, between the green schist facies and the amphibolite facies, as defined 
by the ACF diagrams, there was a great middle ground, unrecognized 
and unnamed. By establishing two new facies, Barth filled this gap. But 
we are faced with the embarrassing fact that most amphibolites, as found 
in the field, do not belong in the amphibolite facies. Would it not be 
better to keep the amphibolite facies with a much broader meaning, 
recognizing that Eskola’s original triangular diagram was inadequate? 


1Joseph Barrell: Relations of subjacent igneous invasion to regional metamorphism, Am. Jour. 
Sci., 5th ser., vol. 1 (1921) p. 1-19, 174-186, 255-267. 

2P. Eskola: The mineral facies of rocks, Norsk. Geol. Tidsskr., vol. 6 (1926) p. 156. 

3 Alfred Harker: Metamorphism (1932) p. 252. 
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The cyanite schist facies, the epidote amphibolite facies, and amphibo- 
lite facies, as used by Barth, would be sub-facies within the amphibolite 
facies. This would accord more with field relations. 

How many facies may ultimately be established? If each facies is to 
have an ACF projection, such as Figures 5 and 6 (p. 824, 825), then there 
is a new facies every time a new mineral appears in the system. For the 
conditions characteristic of what is commonly called regional meta- 
morphism, if the five British zones represent equilibrium conditions (and 
Barth states on page 822 that, in the New York area, equilibrium condi- 
tions were reached in general), a new facies should be established each 
time a new mineral appears. Dolomite and quartz react to form tremolite 
or diopside. That these reactions take place at the same temperature as 
that at which biotite, garnet, staurolite, or sillimanite appear, is unlikely; 
thus, whenever these minerals appear in the system, new facies would 
also have to be established. When we consider the number of new minerals 
that appear in progressive metamorphism, it is apparent that a large 
number of facies could be established, if each facies is to have a com- 
position diagram. Would it not be better to define the main facies in 
general terms, reserving the composition diagrams for sub-facies? 

The diagrams as given by Barth do not agree with my experience in 
some respects. According to his Figure 5, dolomite and quartz can exist 
together in equilibrium in an area where staurolite is present. Harker‘ 
states that dolomite and quartz react to form tremolite somewhere in the 
biotite zone; this is also essentially my own experience. No data are given 
in Barth’s paper in support of that part of the diagram to the left of the 
epidote-anorthite join. Finally, we may note that there are only two 
chemical analyses to check Figure 5 (three analyses are entered on the 
diagram, but one of these is from the sillimanite gneiss facies). 

Almandite should appear on Figure 6. We are also justified in wonder- 
ing how accurately “grossularite” is located on this diagram. If we read 
the paper in which Barth proposed the epidote amphibolite facies, we 
discover that the one garnet that was subjected to careful study is 67 per 
cent andradite; “da aber die meisten anderen Granate eine etwas geringere 
Dichte aufweisen, ist es wohl wahrscheinlich, dass in die gewohnlich vor- 
kommenden Granate die Grossularkomponente in grésserer Menge zuge- 
mischt ist.” ° There were no chemical analyses to check Figure 6. 

If a comparison be made between Figure 5 of the New York paper and 
Figure 15 of the Norwegian paper (reproduced as Figure 6 in the New 
York paper, but with the omission of the dots representing the rocks 
studied), it will be observed that, with one exception, the Norwegian rocks 


4 Op. cit., p. 256. 
5 Tom Barth: Kalk—und Skarngesteine im Urgebirge bei Kristiansand, Neu. Jahr. fur Min. und Petro., 
vol. 57, pt. A (1928) p. 1078. 
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all lie to the left of the anorthite-hornblende join, the new York rocks to 
the right. Barth is comparing rocks of different composition. 


Comment by Pentti Eskoia 


Through the courtesy of Professor Barth, I had the opportunity of 
seeing, in manuscript, that part of the discussion of Marland P. Billings 
dealing with the mineral facies. I am very sympathetic with his sugges- 
tion that the main facies should be defined in general terms, reserving 
the composition diagrams for subfacies, although it is a matter of judg- 
ment whether the terms “Facies” and “Subfacies” would be preferable 
to “Facies group” and “Facies,” as proposed by Goldschmidt, in the same 
sense as Billings now does. In a paper published in 1915 in the Bulletin 
of the Commission géologique de la Finlande, I stated that minor 
divergencies in the minerals may occur within a facies. 

Considering the amphibolite facies of which Billings thinks that I have 
given an inadequate triangular diagram in placing wollastonite in it, I 
may refer to my paper on the limestone contacts in western Massachu- 
setts,” where the question was discussed in detail. I state that wollastonite 
was not found in regional distribution, but only near the contacts of 
igneous masses. Nevertheless, it occurs in many places in a manner justi- 
fying its grouping with the amphibolite facies, as adjacent basic silicate 
rocks are amphibolites. Very conclusive, in my mind, is an occurrence of 
wollastonite quartzite in which wollastonite plays the réle of cement of an 
original lime-sandstone. 

Eventually, it is of minor importance whether the main divisions are 
called facies or facies groups. As I stated in the paper to which Billings 
refers, the facies classification has “the advantage of always following 
the natural lines and being capable of unlimited development . . ., where 
each facies is successively divided according to its own rules of mineral 
association.” Actually, the petrologists who have applied the mineral 
facies principle—Th. Vogt, Barth, and others—have used the term facies 
for any assemblage where a new mineral appears, but, no doubt, they 
would accept, in synoptical tables, the uniting of closely related facies to 
“facies groups.” My own practice was more in accordance with Billings’ 
proposal, as I have spoken of amphibolite facies in a wide sense and 
regarded its subdivision, necessary in the limestones, rather as a subfacies, 
though this word was not used. 

Reply by Tom F. W. Barta 


The mechanism of the alteration processes is a much-debated question. 
It is essentially a soaking of solid rock in a ubiquitous pore solution, with 


1V. M. Goldschmidt: Die Injektionsmetamorphose im Stavanger-Gebiete, Vid.-selsk. Skrifter, 
I. Mat.-naturv. KI. 1920, no. 10 (1921) p. 132. 
2P, Eskola: On contact phenomena between gneiss and limestone in western Massachusetts, Jour. 


Geol., vol. 30 (1922) p. 281-287. 
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lively metasomatic interchange between the liquid and the solid phases. 
But the “black veins” in the sheared schists of Dutchess County probably 
do not represent the pure, frozen pore liquid, which, as Billings justly 
remarks, should have had a different composition. Aphanitic, argillaceous 
material, soaked, softened, and made dough-like by the pore solution, 
was probably squeezed in along the schistosity planes, together with the 
pore solution. At first, it may be hard to conceive how solid matter can 
be forced through narrow openings and move long distances. But now 
I believe it possible. I may add that Balk always maintained the idea 
that part of the material of the “black veins” was intruded in the solid 
state. 


Comment by S. R. Nockoips 


In his paper, Barth deals in some detail with a proposed four-fold ge- 
netic classification of rocks and also with the nomenclature of “mixed” 
rocks. Although any attempts to classify the multitude of terms now used 
to describe these latter must be regarded as praiseworthy, there are 
several points that invite further discussion. 

Syntectic rocks are defined (p. 839) as being “formed by the stewing 
of pre-existing rock material in liquids of magmatic and/or palingenic 
origin.” On page 841, we read that “Eskola has emphasized that anatexis 
is essentially a selective re-solution process, going on in solid rocks that 
are soaked in liquors given off by a nearby intrusive magma.” It would 
thus appear that syntexis, as defined by Barth, covers the anatexis of 
modern definition. One of these terms should therefore be dropped, and, 
as syntexis (Loewinson-Lessing, 1898) has priority, it should be adopted. 
In a footnote on page 836, however, Barth proposes to exchange “syntectic 
rock” for “migmatite” and “syntectic” for “migmatic,” following Weg- 
mann. The term migmatite was used by Sederholm to describe certain 
composite rocks produced by the injection of granitic magma in the form 
of veins. Thus, he writes,’ “In other areas, again, especiaily in the coast 
regions of southwestern Finland, along the northern shores of the Baltic 
and the Gulf of Finland, these veined rocks” [my italics] “or migmatites, 
as the author has proposed to call them, occur over wide areas which then 
present the most confusing mixtures of different rocks, schists, basic erup- 
tives and granites.” Consequently, although the terms “migmatite” and 
“migmatic” are suitable for a certain class of composite rocks such as 
injection gneisses, they are quite unsuitable for a large body of “mixed” 
rocks such as cordierite-granites, granites that have assimilated basic 
igneous material, which certainly cannot be described as veined rocks, but 
all of which fall into Barth’s definition of “syntectic.” 


1J. J. Sederholm: On migmatites and iated pre-Cambrian rocks of southwestern Finland, Comm. 
géol. Finlande, Bull., no. 58 (1923) p. 14 
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It is indeed clear that Barth himself realizes this, for he says (p. 840): 


“First the liquid will be considered as a magma, in which fragments of solid rock 
are cooked until more or less completely digested. 

“Syntectic rocks of this type, verging on an igneous origin, have now been described 
from several parts of the globe. Some report the digestion as complete, and the re-. 
sulting rock as massive and homogeneous, and not easily distinguished from a truly 
magmatic rock. Others report that vestiges of the solid fragments may be seen, now, 
of course, extensively altered by metasomatic processes. 

“As the ratio of the solid fragments becomes larger, the resulting rock type changes, 
with all gradations, into migmatites” [my italics] “and injection gneisses.” 

Yet in discussing the distribution of syntectic rocks, Barth deals entirely 
with examples of injection gneisses and migmatites (sensu stricto). 

The terms “hybrid” (redefined by Harker in 1904) and “contaminated” 
(Watt, 1914) have come into common use in England to define igneous 
rocks that have assimilated foreign material. Although the first was 
originally used for rocks that had incorporated igneous matter, and the 
second for those that had incorporated sedimentary matter, the two terms 
are now used more or less synonymously. Barth does not even mention 
these, but presumably they would also have to be discarded. 

It seems to the writer that if Barth wants a general term for “mixed” 
rocks, “syntectic” is as good as any. If, however, he interds to exclude 
many contaminated igneous rocks and simply requires some term suitable 
for injection gneiss and similar composite rocks, then the term “migmatic” 
could be used. In this case, “migmatic” would no longer be equivalent to 
Barth’s definition of “syntectic.” 

A final point concerns the four-fold genetic classification itself. It may 
or may not be a desirable matter to separate a group of syntectic (mig- 
matic) rocks from those of igneous metamorphic, and sedimentary origin; 
but, when this syntectic division includes syntectic rocks (p. 839), spilite 
(p. 839), dolomite (p. 843), and certain chlorite schists (p. 844), one may 
well question the use of the word “genetic” and retain a preference for the 
old fashioned three-fold classification. 


Supplement by Tom F. W. Bartu 


From many parts of the world, argillaceous rocks are known to have 
undergone profound modifications through metamorphism and syntectonic 
imbibition. The ‘unction exercised by the intruding solutions is generally 
that of changing argillite into granite. Certain granites represent, there- 
fore, so to speak, pseudomorphs after pelitic schists. Such rock types 
have also been found in Dutchess County, New York. 

But not only pelitic sediments are subject to such alterations. Lime- 
stone, for example, readily undergoes similar transformations, becoming 
thereby the germ of a new rock. The series—limestone — skarn > am- 
phibolite — dioritic gneiss +> granite—is known from various places. Part 
of this series is fovnd also in Dutchess County. 
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Transformation of psammitic sediments into granite has also been 
demonstrated, although few cases are on record. This is partly due to 
the inertness and great resistance of quartzite to both chemical and 
mechanical alteration, partly due to lack of thorough investigation and 
modern interpretation.’ 

Such types of rocks cannot be described adequately by conservative 
petrographical terms. These rocks are the products of what, in a broad 
sense, could be called migmatic and metasomatic processes. To explain 
and to define these processes and special stages of these processes, various 
terms have been introduced: migmatism, metasomatism, replacement, 
imbibition, syntexis, anatexis, palingenesis, contamination, hybridization, 
ultrametamorphism, injection metamorphism, hydrothermal metamor- 
phism.” 

Some of these terms are loosely defined; some are probably superfluous. 
8. R. Nockolds pointed out, in a letter to me, that “syntexis” and “ana- 
texis” as defined by me had a rather similar meaning. And it is true that, 
if we have no simple fusion of solid rock, but if the “fusion” always is 
effected by a pore solution, which, in all actual cases, must have travelled 
a certain distance, then the “fusion” would correspond, not to an anatexis, 
but to a syntexis in my sense (syntectic rocks are formed by the stewing 
of pre-existing rock material in intruded liquids of magmatic and/or 
palingenic origin). Thus, pure anatectic rocks would not exist, but the 
process of the formation of a primary pore liquid might still be called 
anatexis. Moreover, what I had thus defined as syntexis, I now, in ac- 
cordance with the terminology of Wegmann, propose to call migmatism 
(see later). 

A series of rocks of “ultrametamorphic” origin has been classified by 
Backlund,’ as follows: 


Venites — (Augen gneisses) — Arterites — Migmatites — Palingenites — Diaperites 
(Coarse porphyries) (Syntectites) (Anatectites) 


In this series, the mobility and temperature of formation of the several 
members increase from left to right. 

Such rocks, the mode of origin of which we have only just recently begun 
to learn, do not fit the century-old petrographic scheme of classification; 


1H. G. Backlund: Der Magmaaufstieg in Faltengebirgen, Soc. géol. Finlande, C. R., no. 9 (1936) 
p. 321. The opposite direction of transformation: granitic gneiss > quartzite has been described by 
Arno Schiiller: Pravariskische Glieder der sichsisch-fichtelgebirgischen kristallinen Schiefer, III. Uber 
epizonal verformte Magmatite, thre genetische Ableitung und thre Weiterbildung in Hornfelsfacies, 
Abh. Math.-Phys. Kl. Siachsisch. Akad. Wiss., Bd. 42 (1934) p. 45. See also H. Ebert: Die Grundge- 
birge im Elbtale nérdlich von Tetschen, Abh. Sachsisch. Geol. Landesanstalt, Heft 4 (1934). 

2 For a review of current ideas and a good bibliography see O. H. Erdmannsdérffer: Neuere Arbeiten 
tiber metamorphismus und seine Grenzgebiete, Fortschr. Min. Krist. Petr., Bd. 20 (1936) p. 143-167. 

8H. G. Backlund: Der Magmaaufstieg in Faltengebirgen, Soc. géol. Finlande, C. R., no. 9 (1936) p. 295. 
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they represent an individual genetic rock division, different from the 
igneous, metamorphic, and sedimentary ones. For this new division, I 
had seriously considered the term “syntectic.” But, after having read 
Wegmann’s recent papers,* I changed my mind (see footnote 71, p. 836). 

The fundamental difference in tectonics and in petrogenetic conditions 
of rocks from the higher levels of a mountain chain as compared with 


Z ZO 


Ficure 1—Process of migmatization in the deeper zones of a geosyncline 


(Above.) Geosyncline filled with sedimentary material. 
(Below.) Hot solutions from below are intruded into the geosyncline (vertically hatched area == zone 
of migmatism). Over this zone (represented by dotted area) is the zone of regional metamorphism. 


those from the sub-crust has been emphasized repeatedly by Wegmann. 
He has made it clear that in great depths there is no sharp distinction 
between magmatic and non-magmatic rocks. This distinction was in- 
troduced for rocks of the upper parts of the crust and for the transitional 
zone, but it does not exist for rocks of great depths. Figure 1, slightly 
modified from Wegmann’s paper, serves to explain schematically the 
process of migmatization in the deeper zones of a geosyncline. It illus- 
trates that migmatization from below has to be regarded as a rejuvenes- 
cence just as is the sedimentation from the top. 

In order to avoid confusion, and in harmony with the terminology al- 
ready existing, I propose to use the term migmatic or metasomatic for a 
rock of this mode of formation, and, in accordance with present usage, 
reserve the term metamorphic for a re-crystallized rock derived from pre- 
existing sedimentary or igneous material without essential migmatic or 
metasomatic alteration. 

Thus, the following scheme is obtained: 


I. IGNEOUS ROCKS 
Expl: Basalt, Gabbro—Pegmatite—Quartz veins 


4C. E. Wegmann: Zur Deutung der Migmatite, Geol. Rundschau, Bd. 26 (1935) p. 305-350; Geolo- 
gische Merkmale der Unterkruste, Geol. Rundschau, Bd. 27 (1936) p. 45-47. 
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II. MIGMATIC OR METASOMATIC ROCKS 


Expl: Amphibolites—Feldspathized Schists—Spilite 
* Palingenites—Syntectites—Migmatites—(Arterites)—(Venites) 


III. METAMORPHIC ROCKS 
Expl: Hornfels—Phyllites 


IV. SEDIMENTARY ROCKS. 


It is worth mentioning that, although the chemical matter of an igneous, 
migmatic, or sedimentary rock existed somewhere before the rock itself 
was formed, the nature of the rock-making processes were such as to render 
it generally impossible to trace the history further back than to the time 
of origin of the rock. (In special cases it may be possible—e.g., Quater- 
nary sediments manifestly derived from pre-Cambrian gneisses.) As 
distinct from this, it should in principle always be possible to distinguish 
chronologically between the formation of the original material of a meta- 
morphic rock and its alteration. Therefore, it always must be stated what 
a term like “Silurian phyllite” implies, whether the rock became a phyllite 
in Silurian time or whether the original material was of Silurian age. 


Sea level and climatic changes related to late Paleozoic cycles. 


By Harold R. Wanless and Francis P. Shepard 
(pages 1177-1206) 


Comment by R. T. CHAMBERLIN 


Wanless and Shepard, in offering the hypothesis that the cyclothems 
of the later Mississippian, Pennsylvanian, and Permian resulted from 
alternately falling and rising sea level during alternating stages of glacia- 
tion and deglaciation, have in mind the glacial control of sea level dur- 
ing the Pleistocene. In the central United States, according to them, 
there are about 9 cyclothems in the later Mississippian, 38 in the Penn- 
sylvanian, and 16 in the Permian—a total of 63. R.C. Moore tells me 
that, considering other regions also, the full number of cyclothems may 
run as high as 150. Each cyclothem, according to the hypothesis of 
Wanless and Shepard, records a glacial-interglacial couple. If 150 be a 
good estimate of the maximum number, there should have been 150 
contemporaneous stages of glaciation and a corresponding number of 
interglacial stages. 

So far as I have been able to learn, the cyclothems constitute prac- 
tically the whole of the later Mississippian, Pennsylvanian, and early 
Permian formations of the central Mississippi bacin. There are, how- 
ever, unconformities due to causes other than glacial control within this 
portion of the stratigraphic column, which represent considerable time. 
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Except for them, the glacial-control hypothesis for cyclothems would 
seem to require an almost continuous and exceedingly regular alternation 
of glacial and interglacial stages from the middle of the Mississippian 
nearly to the middle of the Permian. This long span of time would, 
therefore, have been homologous to the Pleistocene glacial epoch, except 
for greater length. 

The immediate occasion for commenting on this paper by Wanless 
and Shepard is a paragraph on page 1197, which gives a misleading inter- 
pretation of my views on epochs of glaciation, glacial and interglacial 
subdivisions of these epochs, and the working hypothesis that the epochs 
of glaciation have occurred closely associated in time with diastrophic 
uplift. 

Long ago it was noted that the Pleistocene glacial epoch set in soon 
after the pronounced orogenic movements and strong uplifting that oc- 
curred at the close of the Pliocene and continued into the Pleistocene. 
The continents also stood relatively high at the time of the very late 
Proterozoic or very early Cambrian glaciation. In my paper referred 
to by Wanless and Shepard, an attempt was made to show that, so far 
as our very imperfect present information goes, the late Paleozoic epochs 
of glaciation may likewise have occurred during or shortly following 
diastrophic uplifts such as would contribute to important changes of the 
earth’s climate. 

Wanless and Shepard state: 

“One finds, as has been pointed out, a large number of breaks extending all the way 

vugh from the middle of the Mississippian to the middle of the Permian. The 
n ‘ral conclusion is that the glaciation recurred periodically throughout this time. 
T*. 3 conclusion is in keeping with the evidence of glaciation during the Pleistocene, 
won there was a series of epochs which are separated by much shorter intervals 
tha.. those between the Culmide, Asturian, and Saalian diastrophic epochs, to which 
Chemberlin refers. Also it is quite certain that diastrophic revolutions did not pre- 
cede each of the Pleistocene glacial epochs.” 

On page 823 of Chamberlin and Salisbury’s College Geology, revis.d 
by M.cClintock and the writer in 1930, is the following statement: 

“The «levation hypothesis also encounters difficulty in explaining the interglacial 
intervals now well established, and in accounting for the markedly mild climate of 
some of them.” Again on page 826: “If so, it is diastrophism which determines 
when the earth shall have a period of giuciation; the alternating glacial and inter- 
glacial stages within that epoch are to Ei determined by the appropriate operation 
of the other factors mentioned above.” 

The confusion of views apparently arises in part from the profession’s 
variable usage of the terms glacial period, glacial epoch, and glacial stage. 
In my opinion, the Pleistocene is properly an epoch of perhaps a million 
years duration—the first epoch of the Quaternary period, which, judging 
from the fact that the average geologic period of the past lasted about 
40 million years, still has a long time to run. The Pleistocene does not 
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measure up to a period; it is, better, an epoch, and a rather short one at 
that. 

If the Pleistocene is called a glacial epoch instead of “the glacial pe- 
riod,” its alternating episodes of glaciation and deglaciation are properly 
called stages. As the Pleistocene glacial epoch comprises a succession 
of glacial and interglacial stages, so we should naturally suppose that 
each of the five epochs of glaciation that occurred at widely separated 
times during the Carboniferous and Permian periods should, likewise, 
comprise a succession of glacial and interglacial stages. Particularly 
should we entertain this working hypothesis when we recall the surpris- 
ing thicknesses of Australian and South African glacial beds. The inter- 
glacial stages of the Pleistocene having been of quite unequal length, we 
might naturally expect those of the late Paleozoic to hve been, like- 
wise, very unequal. The cyclothems seem to show more regularity. 
Many years of careful study, however, have been required to differen- 
tiate satisfactorily the four glacial stages of the Pleistocene; more diffi- 
cult, presumably, will be comparable differentiation of ancient tillites. 

David and Siissmilch, to be sure, called each of the five glacial hori- 
zons scattered among 13,800 to 17,600 feet of Carboniferous and Permian 
beds, glacial stages, and this term was carried over into my paper cited 
by Wanless and Shepard. Therein perhaps lies a source of confusion. 
The view, however, which has seemed to me obviously the proper one, 
ever since my first acquaintance with late Paleozoic tillites in South 
Australia and Victoria in 1914, is that, irrespective of terminology, it is 
the whole of the Pleistocene, not its glacial and interglacial subdivisions, 
to which each of these five late Paleozoic Australian glacial horizons is 
to be compared. 

One may well ask: Is the evidence, geologic and biologic, in harmony 
with the vast glacial period implied in the Wanless and Shepard inter- 
pretation of Paleozoic cyclothems? Was the later Mississippian, Penn- 
sylvanian, and early Permian one continuous glacial period of alternating 
glacial and interglacial stages? Or were the glacial stages bunched in 
five, or some such number of, glacial epochs scattered through and repre- 
senting only a small portion of late Paleozoic time? If the former view 
is to prevail, it will be necessary to change many of our present views 
and interpretations. 


Reply by F. P. SHeparp and H. R. WANLEss 


The writers are heartily in accord with Chamberlin’s suggestion that 
the term stages be used to designate alternating episodes of glaciation 
and deglaciation and epochs as groups of stages. On the other hand, we 
certainly did not intend to imply in the paragraph referred to by Cham- 
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berlin that we were accusing him of using the diastrophic hypothesis 
as an explanation of individual stages. 

As Chamberlin states, the question hinges on whether the late Paleo- 
zoic glaciation took place at a number of widely separated epochs or 
during recurrent stages. Chamberlin infers that the geologic and biologic 
evidence is not in harmony with the second interpretation. However, 
does not the stratigraphic evidence which we have cited constitute 
important geologic evidence concerning these periods and are not stages 
of continental glaciation bound to produce a reduction of sea level, with 
at least some effects of the type to which we refer? Furthermore, we are 
led to wonder why several widely separated epochs of glaciation would 
have any particularly different effect on life than would recurrent stages. 
Finally, what is the evidence that has led to the suggestion of two 
(Schuchert), three, or five epochs? Certainly, stratigraphic evidence 
has not yet been given, implying that small portions of these periods had 
the lowered sea levels and cooler climates to be expected of the glacial 
epochs, whereas vast intervening times were distinctly different. Can 
one expect to obtain more accurate information from a study of the 
tillites themselves with their absence of fossil content and their more 
or less indeterminate relations to other stratigraphic horizons? 


Comment by J. MARVIN WELLER 


The existence of more or less well-developed cyclothems is now recog- 
nized by many Pennsylvanian stratigraphers in this country and Europe, 
and comparable cyclothems are known to be present in beds of Upper 
Mississippian and Lower Permian age in certain areas. In 1930, I offered 
a diastrophic theory to explain the formation and rreservation of Penn- 
sylvanian cyclothems, with full realization of its shortcomings, in the hope 
that discussion might be provoked and a more suitable explanation de- 
veloped. Wanless and Shepard’s theory of glacial control is an interesting 
and stimulating contribution, but is it a better or more plausible explana- 
tion? 

Wanless and Shepard liken the diastrophic movements postulated by 
me to the “operation of some modern machine”, but the cyclothems do 
follow each other with machine-like regularity. There is no evidence of 
such irregularity of period as characterized the Pleistocene and probably 
also the older glacial epochs. 

The Pleistocene interglacial intervals are generally considered to have 
been much longer than the glacial stages. If changes in sea level during 
Pennsylvanian cycles were caused by glaciation, the interglacial stages 
would be represented by the marine members of the cyclothems. These 
members, however, do not, in most cases, seem to require disproportionate 
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time for their deposition. On the contrary, the development of underclay 
and the accumulation of peat, which would mark the later part of the 
glacial retreat, appear to represent a greater span of time. If Wanless 
and Shepard’s theory is correct, the pattern of late Paleozoic glaciation 
must have differed greatly from that of the Pleistocene. 

If advance and retreat of the Pennsylvanian epi-continental seas re- 
sulted mainly from sea-level changes, terrestrial gradients must have 
remained practically constant. Is it likely that the gradient of the fore- 
lands was for long periods of time both sufficiently steep to allow the wide- 
spread distribution of sandy or even pebbly continental sediments and at 
the same time sufficiently gentle to permit the submergence of an area 
several hundred miles in width, by only a very moderate rise in sea level? 

If the gradient of the land surface remained nearly constant, any change 
in the coarseness of terrestrial sediments delivered to any given area must 
have resulted from change in climate. Decrease in coarseness, such as 
occurs in the lower parts of cyclothems, may have been produced by 
decreasing run-off, resulting from less rainfall or the wasting away of 
alpine glaciers or by an increasing cover of vegetation, in turn related to 
more favorable climate. These factors are very difficult, if not impossible, 
to evaluate. Alpine glaciers whose melting would augment rainfall might 
be expected to disappear at about this time, but it is doubtful if rainfall 
would materially decrease. Little is known concerning Carboniferous 
upland floras, but, when seed-bearing plants were relatively unimportant 
and unspecialized and herbaceous forms practically unknown, there is 
reason to conclude that no upland flora existed in sufficient luxuriance to 
have appreciably effected erosion. 

If emergence of the sedimentary areas resulted solely from lowering of 
sea level, the basal members of the cyclothems must have been sandstones 
or conglomerates of strictly regressive type; the common occurrence of 
unconformities beneath them, which locally involve deep channeling, is 
difficult to explain satisfactorily. And why are corresponding transgres- 
sive sandstones almost totally lacking? App i:contly, time is not a factor 
here, for stratigraphic evidence suggests that emergence was fairly rapid 
and submergence relatively much slower. 

If great continental glaciers existed in the southern hemisphere, probably 
the source areas of the northern sediments stood high enough to have 
supported important alpine glaciers. Is their presence recorded in the 
sediments? Search should be made for glacially grooved or shaped 
pebbles in conglomerates in the anthracite region of Pennsylvania. The 
much more widespread sands should also show evidence of glacial origin, 
at least in part. They should, for example, be products of mechanical 
rather than chemical disintegration and contain large proportions of un- 
weathered minerals such as feldspar. This is true for the Middle and 


: 
; » 
ae 
: 
; 
4 
j 


we — 


SEA LEVEL AND CLIMATIC CHANGES RELATED TO PALEOZOIC CYCLES 2013 


Upper Pennsylvanian sands, but the lower sands, which include some of 
the most important sand bodies in the entire system, consist almost 
exclusively of quartz. Why is there this difference? 

If the late Paleozoic cyclothems were produced as a result of sea-level 
oscillations caused by glaciation, similar cyclothems should be present in 
Pleistocene sediments. Submerged peat deposits are known in various 
parts of the world, but associated beds give little suggestion of such cyclo- 
thems. The thick early Pleistocene (and so-called late Pliocene) deposits 
of California correspond to the first two Pleistocene glacial epochs (1, 
Santa Barbara and Las Posaz zones; 2, Timms Point and San Pedro 
zones), but in physical characters do not remotely resemble Pennsylvanian 
cyclothems. 

The megacyclothems of the Pennsylvanian section in Kansas, which are 
interpreted as consisting of several subordinate cyclothems, appear to 
demand the interaction of two different cyclic processes of quite different 
period. The relations of the megacyclothems of Kansas to the more 
regularly recurring cyclothems of Illinois are not clear, but the Illinois 
section is known to expand considerably from northwest to southeast, 
principally as the result of the introduction of new cyclothems. Perhaps 
the cyclothems of southeastern Illinois can be grouped in megacyclothems 
that correspond to the original cyclothems of the northwestern part of this 
State. The additional cyclothems of southern Illinois might be explained 
as resulting from only partial withdrawals of the sea related to subordinate 
glacial advances. If so, however, these cyclothems should interfinger 
with, and disappear into, the marine members of the original cyclothems. 
This does not appear to be true in every case. 

The foregoing considerations show that the glacial-control theory is not 
an entirely adequate explanation of late Paleozoic cycles. Other factors 
must, almost certainly, have been important, if not dominant. Further 
investigation and speculation are demanded by this, as yet unsolved, 
problem. 


Reply by F. P. SHeparp 


The pertinent comments which Dr. Weller has made concerning the 
theory of glacial control as a cause of the late Paleozoic cyclothems tend 
to show that this explanation, like the diastrophic theory, is fraught with 
difficulties. However, some of his comments appear to be debatable. 
For example, he states that the supposed glacial stages of the cyclothems 
appear to be longer than the supposed interglacial stages, whereas the 
“Pleistocene interglacial stages are generally considered to have been 
much longer than the glacial stages.” There is certainly ground for 
doubting whether Weller or anyone else can judge the length of either 
the marine or the non-marine portion of a cycle. Furthermore, the 
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evidence of the duration of the glacial epochs during the Pleistocene seems 
to be based largely on assumptions that the ice advanced at the same rate 
that it retreated at the end of the last epoch and that it reached its height 
and then retreated directly. No one has presented evidence that this was 
the case. Weathering could hardly be a criterion during the cold glacial 
stages. Also, the evidence of the enormous amount of gouging by the 
ice and of the enormous morainic piles left behind. seems to suggest that 
the glacial stages were of much greater duration. The various stages of 
the Wisconsin epoch point to the same conclusion. 

Weller asks whether the gradients could have been such as to permit 
the distribution of the sandy and pebbly sediments, on the one hand, and 
the submergence of the area for hundreds of miles, on the other, due to 
moderate sea-level rises. In the first place, observation of piedmont 
slopes of present date seems to show that a gradient of only a very few 
feet to the mile is sufficient to allow streams to carry sand, and even 
gravel, across them. Secondly, the amount of rise of sea level cannot 
definitely be said to be very moderate as the result of melting of glaciers, 
which appear to have covered such extensive territories. Certainly, the 
changes during the Pleistocene were of the order of 500 feet and possibly 
as much as several thousand. 

Furthermore, Weller seems to infer that Wanless and I were attempting 
to explain the sedimentary sequence as entirely independent of diastrophic 
movements. This, however, was clearly not meant to be the case. Cer- 
tainly, diastrophic movements help to explain the complexity of some of 
the sequences. On the other hand, the “machine-like regularity” with 
which the cycles appear to follow one another is certainly more indicative 
of the sort of thing one would expect from climatic cycles, like those 
described by Huntington, rather than of diastrophic movements. 

Weller calls attention to the lack of any evidence of luxuriant upland 
flora that might have caused a decrease in the coarseness of the sediment 
washed into the basins as the cycle progressed. The evidence on this 
point is not yet clear, but the development of luxuriant vegetation in the 
lowlands and on intermediate slopes would certainly have tended to cut 
off the supply of coarse material from the basins. Surely, this is easier 
to understand than the only alternative so far suggested—namely, that 
the uplands were greatly depressed at the stage in each cycle preceding 
the advance of the sea. Also, the difficulty which Weller has in under- 
standing the absence of transgressive sandstones is easily explained on 
the basis of luxuriant vegetation preventing the furnishing of the sandy 
sediment from the slopes of the landmass. Was it not the killing of this 
same vegetation that allowed the streams to carry out sand and gravel 
into the channels, which were cut during the withdrawal of the sea from 
the area? 
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Geologic age of potash deposits. By R. L. Rutherford 


(pages 1207-1216) 


Comment by Grorce A. THIEL 


Rutherford directs attention to the scarcity of potash salts in the saline 
deposits of pre-Carboniferous age. He is of the opinion “that the first 
notable increase in relative as well as total potash was brought about by 
the growth, destruction and decomposition of a large volume of plant 
material accumulated in Carboniferous time”. 

The writer believes that Rutherford’s paper gives the impression that 
the greatest contribution of potash came directly from the destruction of 
a large part of +’.2 plant tissue, because much of the potash used by the 
growing plant would be released in a more soluble form than it possessed 
in the soil or mantle rock in which the plants grew. 

Plant destruction undoubtedly contributed somewhat to the relative 
abundance of potash in the post-Carboniferous seas; however, the increase 
in total salinity was influenced to a far greater extent by the products of 
decomposition of plant tissue. Many acids originate in the soil, through 
microbial synthesis and the oxidation of organic compounds found in 
plant tissue. Prior to the Devonian, the humus complexes were absent in 
the mantle rock. 

Although many geologists and pedologists recognize that the weathering 
of rocks is brought about primarily by water through hydrolysis, the 
presence of carbon dioxide in the water results in an increase in the 
hydrogen-ion concentration, and the process of weathering is accelerated. 
Most of the fifteen or twenty organic acids resulting from plant decompo- 
sition that have actually been isolated* from the humus layers, produce 
carbon dioxide upon decomposition. The reactions have been written in 
a number of different ways. The following is typical: 

(1) Hydration of cellulose with the formation of a carbohydrate. 


+ H.0 = 
(2) Destruction of the carbohydrate to produce gases. 
= 360; 3CH, 


The solution of bases from mantle rock through the action of decom- 
posing plant tissue is emphasized by Blanck,* Jensen,’ and others, who are 
of the opinion that sulfuric and nitric acids are produced also during 
oxidation of gases liberated in the decomposition of plant proteins. 


28. A. Waksman: Humus (1936). Williams and Wilkins, Baltimore. 

2. Blanck: Die sogennante ‘“‘Humussaiireverwitterung’”’ in Lichte neuester Bodenforschung, Chemie 
d. Erde, vol. 4 (1929). 

8C. A. Jensen: Effect of decomposing organic matter on the solubility of certain inorganic constitu- 
ents of soil, Jour. Agric. Res., vol. 9 (1917) p. 253-268. 
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Blanck states that under the influence of humus substances iron, potash, 
and magnesia are leached, whereas silica and alumina tend to become fixed. 

The writer conducted a series of experiments,‘ in an attempt to measure 
quantitatively the réle of organisms as agents of chemical weathering. 
Common igneous and sedimentary rocks were subjected to leaching under 
sterile conditions and under natural conditions, and the increase in salinity 
of the leaching solutions was noted. The results obtained from seven 
different types of rocks showed that the total salinity was fully 50 per cent 
greater in the solutions in which organic reaction took place than in those 
leached under sterile conditions. 

Experiments by Jensen showed that the amount of inorganic salts dis- 
solved from the soil by organic solvents exceeded the amount dissolved 
by distilled water, from 1 to 5 times. 

Allen’ has stated that carbonate solutions were responsible for the 
leaching of clays in Missouri. Numerous published analyses of the 
bottom-clays of Carboniferous age, likewise, show the effect of carbonate 
waters. The low potash content of the clay beds underlying coal seams is 
more likely to be due to the leaching effect of organic derivatives in the 
clayey soil, than to the migration of potash from the soil to the vegetative 
tissue. In fact, organic solutions are instrumental in liberating the potash 
from the soil minerals before the growing plants can assimilate it. Perhaps 
far more is liberated than is utilized for plant growth. 

The great quantities of CO, derived from plant decay and added to 
percolating ground-waters in the zone of leaching since early Car- 
boniferous time have, without doubt. been instrumental in increasing the 
rate at which potash and other alkaline salts are added to sea water. 
This great increase in carbonate waters on land may have contributed 
more potash to the saline deposits of Permian age than resulted from the 
direct contribution from the potash in plant tissue. 


Eastern New York Ordovician cherts. By Rudolf Ruedemann and T. Y. Wilson 
(pages 1535-1586) 


Supplementary notes by RupotF RUEDEMANN 


After the report on the Normanskill chert and its radiolarian fauna had 
gone through the press, the writer found that A. Schwarz’ had demonstrated 
that the radiolarians of the Mississippian (Culm) chert, which were 


4G. A. Thiel: The relative effectiveness of bacteria as agents of chemical denudation, Jour. Geol., vol. 
35 (1927) p. 647. 

5V. T. Allen: Mineral composition and origin of Missouri flint and diaspore clays, Mo. Geol. Surv., 
Bienn. Rept., vol. 58 (1935). 

1 Albert Schwarz: Die Natur des culmischen Kieselschiefers, Abh. Senckenb. Naturf. Ges. 41 (1928) 
Frankfurt. 
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studied by him, have their closest relationship with deep-sea forms of the 
present oceans. 

Private discussions have shown that geologists are prone to overlook 
the great contraction that has taken place in the Appalachian geosyncline 
through folding and overthrusting, roughly by about a quarter (R. T. 
Chamberlin, in 1905, found that the section between Tyrone and Cham- 
bersburg was compressed from 81 miles to 66 miles). This, in connection 
with the fact that, according to Keith (1923), the strongly folded belt in 
Tennessee, Georgia, and the Carolinas has an exposed width across the 
strike of 270 miles, gives the original Appalachian geosyncline a width of 
nearly 350 miles. When it is considered that a large portion of folded 
rocks to the east is still buried by Cretaceous and Tertiary invasions, it 
is obvious that that body of water may have reached a width of more than 
400 miles and thus be well comparable, both in length and in width, to 
such marginal and mediterranean seas, as the Caribbean and the Medi- 
terranean, which attain abysmal depths today, and especially to the 
geosynclines of the present East Indian archipelago, which reach great 
depths. 


Age Classification of the Frederick Valley (Maryland) limestones. 
By Anna I. Jonas and George W. Stose 
(pages 1657-1674) 


Comment by BENJAMIN L. MILLER 


The paper by Jonas and Stose offers new structural and paleontological 
data of importance. However, some of the correlations suggested are open 
to question. The downward extension of the Conestoga formation in the 
Chester Valley to include the fossiliferous Beekmantown limestones of 
the Henderson Station locality, which have been investigated by many 
geologists, should not be accepted without more confirmatory evidence. 
The writer does not accept the rm ‘e:ence of the “silicified zone” at Hen- 
derson to “the lower part of the Vonestoga” (p. 1672) and, therefore, 
cannot concur in the reference of the Conestoga of the Chester Valley to 
the Beekmantown. Neither does he believe it will be found necessary to 
encumber our literature further with a new name for the Beekmantown 
of the Chester Valley. 

Cambrian and Ordovician limestones of the Chester, Lancaster, and 
York valleys of Pennsylvania must be differentiated almost entirely on 
the basis of lithologic characteristics, as fossils are rare. The stratigraphic 
units used in the mapping of those regions are principally based on these 
lithologic differences. The one formation that has been traced most 
readily in these areas is the Conestoga, as previously defined in a number 
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of publications, which, throughout the Chester Valley, crops out in a 
continuous band bordering the South Valley Hills of schists. It consists 
of some massive beds of marble, which predominate in the lower portion, 
with argillaceous limestones in the upper portion. A series of phyllitic 
beds generally separates the two members of the formation. Although 
there are some interbedded dolomitic strata, the limestones of the Cones- 
toga formation are mainly low in magnesia, as demonstrated by hundreds 
of chemical analyses made during an economic geologic investigation 
throughout the full length of the Chester Valley. 

In contrast with the Conestoga strata are the underlying Beekmantown 
limestones, developed from the Schuylkill River westward to the vicinity 
of Downingtown. These are prevailingly high in their magnesian content, 
although there are some interbedded low magnesian strata. Nowhere in 
the entire Chester Valley were any exposures of the Beekmantown lime- 
stones found that would permit their economic utilization for Portland 
cement manufacture, whereas the Conestoga throughout the valley con- 
tains promising stone. Individual beds, or even a series of beds, of the 
Beekmantown and the Conestoga are indistinguishable, and the writer 
considers the “blue- and white-banded crystalline limestone” (p. 1672) 
associated with the Henderson fossils as distinctly below the base of the 
Conestoga and not to be correlated with the Conestoga limestones. In the 
absence of fossils, chemical analyses, where available, as in this instance, 
appeal to the writer as more valuable criteria for correlation than macro- 
scopic lithologic characteristics. 

If the Conestoga limestones of the Chester Valley should be correlated 
with the known Beekmantown fossiliferous strata, there is an extensive 
gap between them and the schists of the South Valley Hills, which the 
writer and others consider Ordovician in age and conformably overlying 
the Conestoga argillaceous limestones. As set forth in a previous article, 
the writer believes that the Conestoga limestones are of Ordovician age, 
younger than the Beekmantown and older than the Martinsburg, and to 
be correlated with the Jacksonburg of the Lehigh Valley. 


Reply by A. I. Jonas and G. W. Stosr* 


Miller states that he does not believe the fossiis of the “silicified zone” 
at Henderson belong to the overlying Conestoga liznestone. From field 
evidence the writers find that this zone appears to be conformable with 
the overlying limestone but distinctly transgresses the underlying lime- 
stones, as shown in Figure 6 (p. 1670). These underlying limestones are 
of Cambrian age and older than the narrow zone with Beekmantown 


1B. L. Miller: Age of the schists of the South Valley Hills, Pennsylvania, Geol. Soc. Am., Bull., 
vol. 46 (1935) p. 715-756. 
* Published with the permission of the Director of the U. S. Geological Survey. 
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fossils, which can be traced for only 5 miles west of Henderson (p. 1672). 
The writers, therefore, cannot agree with Miller either that the zone with 
Beekmantown fossils does not belong to the overlying beds or to his 
statement that Beekmantown limestone “extends from Schuylkill River 
westward to the vicinity of Downingtown.” 

Miller’s closing statement appears to be the key to his objection to a 
Beekmantown age of the Conestoga limestone in Chester Valley, for he 
bases his contention of Martinsburg age of the schists, which he claims 
overlie conformably the Conestoga limestone, on the previously supposed 
Chazyan age of that limestone. It was part of the aim of the writers’ 
paper (p. 1671) to point out that, on faunal evidence, the Conestoga 
limestone can no longs : be said to be of probable Chazyan age. 

The limestones of the Chester, Lancaster, and York valleys, south of 
the Honeybrook and the Hellam uplifts, so far have yielded no Ordovician 
fossils except those from Henderson, which are of Beekmantown and not 
of Chazyan age. 

The older limestones of Cambrian age which the Conestoga limestone 
transgresses do contain fossils, and they are not rare. Both faunal and 
stratigraphic data have been used by the writers in the separation of the 
Cambrian limestones, and such data are, in the writers’ opinion, the proper 
and scientific criteria for the identification of limestone formations, 
whereas the chemical composition, considered so important by Miller, has 
its main value in connection with commercial utilization. 


Sedimentation in relation to tectonics. By E. B. Bailey 
(pages 1713-1726) 


Comment by F. J. PettiJoHN 


Professor Bailey, in his stimulating paper on “Sedimentation in rela- 
tion to tectonics” published in the November issue of the Bulletin (1936), 
has cited my note on “Early pre-Cambrian varved slate in northwestern 
Ontario” also published in the Bulletin (April, 1936). Bailey, however, 
erroneously adds the phrase “with glacial interpretation” after the ref- 
erence. I did not make a glacial interpretation of the origin of the varve- 
like couplets, which I described, but rather said: “that though an annual 
control of the sedimentation is probably responsible for the banded slates, 
it cannot be said that this control was glacial” (p. 627). 
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